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1) Einfihrung in das Thema

Im Jahre 1661 bestatigte Malpighi bei mikroskopischen Studien der Froschlunge erstmalig die
Existenz von Kapillaren, welche er als Netzwerk, bestehend aus feinsten GefaRen zwischen
Arteriolen und Venolen beschrieb (Young 1929). Wéhrend fir Malpighi die Funktion dieses
Netzwerkes noch unklar war, ist die zentrale Bedeutung der Mikrozirkulation fiir den Erhalt der

Zellfunktionen und somit den gesamten Organismus heute unumstritten.

Die Mikrozirkulation beschreibt die VVorgange in den kleinsten GeféRen (< 100 um Durchmesser)
und umfasst Arteriolen, Kapillaren, Venolen und Lymphgeféalie (Miranda et al. 2016) (Abb. 1). Die
wesentliche Aufgabe besteht in der Versorgung des Gewebes mit Sauerstoff und N&hrstoffen, sowie
dem Abtransport von Kohlendioxid und Stoffwechselprodukten (Pittman 2005). Darlber hinaus ist
die Mikrozirkulation entscheidend fiir eine adaquate immunologische Funktion und erméglicht den

Transport von Wirkstoffen und Mediatoren zum jeweiligen Zielorgan (Ince 2005).
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Abb. 1) Schematische Darstellung der Mikrozirkulation (Silbernagl 2012)

la) Grundlagen der Mikrozirkulation

Um eine optimale Versorgung des Gewebes zu gewéhrleisten, bilden die Kapillaren wie bereits von
Malpighi beschrieben Gber multiple Anastomosen ein dreidimensionales Netzwerk. Die
Kapillardurchblutung ist dabei an die Funktion und die aktuellen Bedurfnisse des jeweiligen Organs
angepasst. So betragt beispielsweise im ruhenden Skelettmuskel die funktionelle Geféalidichte
(functional vessel density, FVD), d.h. die Anzahl perfundierter GefaRe pro Gewebeeinheit, nur ca.
25% der totalen GeféaRdichte (total vessel density, TVD). Unter korperlicher Arbeit wird die
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funktionelle Gefalidichte durch Erweiterung vorgeschalteter terminaler Arteriolen rasch erhoht, bis
schlielich alle zur Verfuigung stehenden Kapillaren perfundiert sind (sog. ,,capillary recruitment*)
(Moore et al. 2015; Honig, Odoroff, and Frierson 1982). Durch die Steigerung der funktionellen
Kapillardichte erhoht sich einerseits die zum Stoffaustausch zur Verfugung stehende
GeféaRoberflache, zum anderen reduziert sich der maximale Abstand zwischen zwei Kapillaren und
damit die maximale Diffusionsstrecke, die Uberwunden werden muss (Lewick 2010). Dariber
hinaus wird der kapillare Blutfluss gesteigert. Diese MaRnahmen stellen sicher, dass der steigende

Sauerstoff- und Nahrstoffbedarf der arbeitenden Muskulatur gedeckt wird.

Die zuvor dargestellten Anpassungsvorgange der Mikrozirkulation werden durch intrinsische und
extrinsische Mechanismen gesteuert, wobei der lokale Blutfluss im Gewebe vor allem durch
intrinsische Faktoren reguliert wird, wahrend extrinsische Faktoren eine Ubergeordnete Rolle bei
der Regulation des Gesamtblutflusses in der Mikrozirkulation spielen (Moore et al. 2015; Lewick
2010). Zu den intrinsischen Mechanismen zahlt die myogene GefaRantwort, bei der Veranderungen
des intraluminalen Drucks mit einer unmittelbaren Kontraktion (Vasokonstriktion) bzw. Relaxation
(Vasodilatation) der glatten Muskulatur in der Arteriolenwand beantwortet werden (Davis 2012).
Dieser als Autoregulation oder Bayliss-Effekt bezeichnete Mechanismus dient dazu den kapillaren
Blutfluss Uber ein groRes Blutdruckspektrum konstant zu halten. Weiterhin fuhrt eine
Beschleunigung des Blutflusses zu erhohter Schubspannung an der GefédRwand, was Uber
Freisetzung von Stickstoffmonoxid (NO) eine Vasodilatation verursacht (sog. shear stress response)
(Chien 2007). Neben der myogenen Regulation spielen metabolische Faktoren eine wesentliche
Rolle bei der Steuerung der Durchblutung in der Mikrozirkulation, wobei hierzu verschiedene
Theorien existieren. Nach der klassischen metabolischen Theorie fiihrt eine lokale Hypoxie zur
gesteigerten Freisetzung vasodilatatorisch wirksamer Substanzen (z.B. NO, ATP, Prostaglandine)
und bewirkt so eine Zunahme des lokalen Blutflusses um den erhéhten Sauerstoffbedarf zu decken.
Anfallende Metabolite wie Laktat, Wasserstoffionen, Kalium und Adenosin unterhalten diesen
Effekt (Moore et al. 2015). Dem gegentber steht die Theorie, dass unter Ruhebedingungen ein
relatives Uberangebot an Sauerstoff und Nahrstoffen besteht, was zu einer Hemmung der
Freisetzung von Stickstoffmonoxid und anderer gefélRerweiternder Substanzen fuhrt und so den
lokalen Blutfluss drosselt solange kein gesteigerter Bedarf vorliegt (Golub and Pittman 2013).
Diese intrinsischen Mechanismen werden durch extrinsische Mechanismen wie die Wirkung des
vegetativen Nervensystems und vasoaktiver Hormone (z.B. Adrenalin, VVasopressin, Angiotensin
u.a.) an den WiderstandsgefaRen moduliert (Lewick 2010).



Ib) Die Rolle des Endothels in der Mikrozirkulation

Die Mikrozirkulation umfasst verschiedene Zelltypen. Hierzu z&hlen Endothelzellen, glatte
Muskelzellen (hauptséchlich in Arteriolen), Erythrozyten, Leukozyten und Thrombozyten (Miranda
et al. 2016). Das Endothel, welches das Lumen des gesamten Gefalisystems auskleidet, hat eine
Gesamtflache entsprechend der GroRe von ca. sechs FuRballfeldern und stellt somit das groRte
,Organ“ des menschlichen Organismus dar (Cooke 2000). Es bildet eine Permeabilitatsbarriere
zwischen dem Gefdl3lumen und dem Interstitium und kontrolliert so den Gas-, Substrat- und
Flussigkeitsaustausch zwischen Blut und Gewebe. Zudem kommt dem Endothel eine zentrale Rolle
bei der Steuerung des Gefalitonus zu. Endothelzellen produzieren mithilfe der endothelialen
Stickstoffmonoxid-Synthase (eNOS) konstitutiv Stickstoffmonoxid, welches neben einer stark
gefalerweiternden Wirkung auch antiadhésive Eigenschaften aufweist. Auch die zuvor dargestellte
GeféaRantwort auf Veranderungen der Schubspannung wird tber das Endothel und die endotheliale
Produktion von NO vermittelt (Hsieh et al. 2014; Ait-Oufella et al. 2010). Neben NO liefert das
Endothel weitere vasoaktive Substanzen wie z.B. Prostazyklin, Endothelin und EDHF (edothelium-
derived hyperpolarizing factor). Die Endothelzellen kommunizieren (ber Gap Junctions
miteinander und mit umliegenden glatten Muskelzellen der GefaBwand. Uber diese Verbindungen
konnen elektrische Signale rasch entlang der GefalRwand weitergeleitet werden. Dies ermdglicht die
Ubermittlung lokaler vasoaktiver Impulse an iibergeordnete GefaRabschnitte (sog. conducted
vasomotor response) und somit die Anpassung des regionalen Blutflusses an die aktuellen
metabolischen Bedurfnisse (de Wit, Hoepfl, and Wolfle 2006; Bagher and Segal 2011) Weitere
wesentliche Aufgaben des Endothels sind die Vermittlung der Leukozytenrekrutierung im Rahmen
von inflammatorischen Prozessen (s. Abschnitt II, S. 8/9) sowie die Regulation der
Thrombozytenadhésion und —aggregation (s. Abschnitt 111, S. 18/19) und die Thrombolyse (Ait-
Oufella et al. 2010; Cooke 2000). Auf die Bedeutung der endothelialen Glykokalyx fur die
vaskuldare Homoostase wird im wissenschaftlichen Hintergrund zu Punkt IV (s. S. 28-30) naher

eingegangen.
Ic) Zielsetzung

Aus der zentralen Bedeutung der Mikrozirkulation fur die Versorgung aller Organe lasst sich
ableiten, dass Storungen derselbigen zu Organdysfunktion und letztlich zu Organversagen fiihren.
Pathologische Veranderungen der Mikrozirkulation sind ein haufiges Merkmal sowohl akuter (z.B.
Sepsis, Trauma) als auch chronischer Krankheitszustande (z.B. Diabetes mellitus, Bluthochdruck)
und fihren zu erheblicher Morbiditat und Mortalitat der Patienten. Da insbesondere chronische
Verénderungen oft schleichend verlaufen und sich daher hdufig erst im Erwachsenenalter klinisch

6



manifestieren, befassen sich die meisten Studien zu diesem Thema mit Untersuchungen von adulten
Patienten. Es ist aber davon auszugehen, dass viele Veranderungen der Mikrozirkulation ihren
Ausgang bereits im Kindesalter nehmen. Aus diesem Grund ist es notwendig, dass diese
Patientengruppe stérker in den Fokus wissenschaftlicher Untersuchungen rickt. Ein besseres
Verstandnis der physiologischen Grundlagen sowie der Faktoren, welche zu einer Schadigung der
Mikrozirkulation flhren, stellte eine Grundvoraussetzung flr die Entwicklung neuer Strategien zur

Préavention und Therapie mikrovaskularer Komplikationen dar.

Ziel des Habilitationsprojektes war es daher neue Erkenntnisse {ber Grundlagen und
Verénderungen der Mikrozirkulation und deren Rolle bei der Krankheitsentstehung im Kindesalter

Zu gewinnen.

Die vorliegende Habilitationsschrift beschreibt Forschungsarbeiten aus dem Gebiet der
Grundlagenforschung sowie klinisch-experimentelle Studien, die sich mit der Untersuchung der
Mikrozirkulation im Rahmen von Entziindung, Entwicklung und Erkrankung befassen.

Im Detail wurden folgende Themenschwerpunkten bearbeitet:

Teil 1: Mechanismen der Leukozytenrekrutierung bei inflammatorischen Prozessen in vivo

Teil 2: Regulation der Rekrutierung von Leukozyten und Thrombozyten im Rahmen der

fetalen Entwicklung

Teil 3: Veranderungen der Mikrozirkulation bei Kindern im Rahmen ausgewahlter

Erkrankungen



I1) Teil 1: Mechanismen der Leukozytenrekrutierung bei inflammatorischen

Prozessen in vivo

Wissenschaftlicher Hintergrund

Wie einflihrend erwéhnt, ist eine wesentliche Aufgabe der Mikrozirkulation die Gewahrleistung
einer ad&quaten immunologischen Funktion. Im Rahmen von Entziindung und Infektion mussen
Leukozyten aus dem Blutstrom in das betroffene Gewebe auswandern, um dort ihre jeweilige Rolle
im Rahmen der Immunantwort zu erfullen (sog. Leukozytenrekrutierung). Neutrophile
Granulozyten stellen beim Menschen die quantitativ gré3te Population der Leukozyten dar und sind
ein zentraler Bestandteil der angeborenen Immunantwort gegen eine Vielzahl verschiedener
Pathogene (Nussbaum and Sperandio 2011; Mocsai 2013). Die Auswanderung von Granulozyten in
umliegendes Gewebe findet v.a. in postkapillaren Venolen der Mikrozirkulation statt und bendtigt
ein streng reguliertes Zusammenspiel von Adhésionsmolekilen auf den Granulozyten und dem
Endothel der BlutgefaRe (Ley et al. 2007) (Abb. 1).

Capture and Slow Rolling Firm Adhesion Crawling Transmigration
Rolling

. .L____n\(

.. f

7N

A2

- - - & D> - -
M P-selectin PSGL-1 CXCR LFA-1 P Mac-1
M E-selectin Chemokine M ICAM-1/-2

Abb. 1): Schematische Darstellung der Leukozytenrekrutierung (Nussbaum and Sperandio 2011)

Hierbei werden die ersten Schritte, das Einfangen der Zellen aus dem Blutstrom und das
nachfolgende Rollen entlang des Endothels, durch Interaktion von Selektinen mit Selektinliganden
(v.a. PSGL-1, CD162) vermittelt (Yang et al. 2012; Sperandio et al. 2006). Entzlindlich aktivierte
Endothelzellen présentieren P-Selektin (CD62P) und E-Selektin (CD62E) auf ihrer Oberflache,
wobei P-Selektin konstitutiv exprimiert und in Weibel-Palade-Kdrperchen gespeichert wird,
wéhrend E-Selektin durch de-novo Synthese entsteht (McEver et al. 1989; Bevilacqua et al. 1987).
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Verschiedene Stimuli wie z.B. Trauma fihren zu einer raschen Freisetzung von gespeichertem P-
Selektin aus den Weibel-Palade-Korperchen, was innerhalb weniger Minuten zu Leukozytenrollen
fuhrt (Kubes and Kanwar 1994).

Die nachfolgenden Schritte der Leukozytenrekrutierung benétigen eine Aktivierung der [(2-
Integrine LFA-1 (alLp2-integrin; CD11a/CD18) und Mac-1 (aMp2-integrin; CD11b/CD18) auf
neutrophilen Granulozyten (Zarbock and Ley 2009; Jakob et al. 2013). Durch die Interaktion von
PSGL-1 mit endothelialen Selektinen gelangen [2-Integrine in einen intermedidren
Aktivierungszustand, was ein Abbremsen der rollenden Zellen zur Folge hat (Pruenster et al. 2015;
Zarbock et al. 2011). Zudem ermdglicht das Rollen eine Bindung von Chemokinen, welche auf dem
Endothel préasentiert werden, an ihre jeweiligen Rezeptoren auf den Granulozyten. Dies flhrt
zusammen mit E-Selektin/PSGL-1-Interaktionen zu einer vollstindigen Aktivierung der [B2-
Integrine und ermdglicht Gber Bindung von endothelialen Integrinliganden (z.B. ICAM-1, CD54)
die feste Adhasion der Zellen am Endothel (Jakob et al. 2013; Zarbock and Ley 2009). Integrin-
vermittelte Signale festigen die Zelladhésion und flihren zu einer Ausbreitung der Zellen auf dem
Endothel (sog. Spreading). Durch Kriechbewegungen (sog. Crawling) entlang der Gefalwand
gelangen die Granulozyten schlieflich zu geeigneten Pforten fir die Transmigration in das
umliegende Gewebe (Phillipson et al. 2006).

Dank intensiver internationaler Forschungsaktivitaten in den letzten Jahrzehnten ist unser
Verstandnis Uber die Abléufe der Leukozytenrekrutierung wesentlich gesteigert worden. Dennoch
sind die genauen Vorgange und die molekularen Akteure dieses komplexen Prozesses weiterhin nur
unvolistandig bekannt. Die im Folgenden dargestellten Arbeiten des Habilitationsprojektes
identifizieren neue Mechanismen, welche zur Leukozytenrekrutierung bei inflammatorischen

Prozessen in vivo beitragen und diese regulieren.



I1a) Myeloperoxidase attracts neutrophils by physical forces.

(Klinke A.*, Nussbaum C.* et al., Blood 2011;117(4):1350-8, *gleichberechtigte Erstautorschaft)

Einleitung und Zielsetzung

Das Ha&menzym Myeloperoxidase (MPO) wird in grofler Menge in den azurophilen Granula
neutrophiler Granulozyten gespeichert und nach Phagozytose von Pathogenen in das Phagosom
freigesetzt, wo es seine mikrobizide Wirkung entfaltet (Klebanoff 2005). Darlber hinaus wird MPO
von aktivierten Granulozyten sezerniert und kann bei verschiedenen inflammatorischen Prozessen
im Blut und Gewebe der Patienten nachgewiesen werden, wo es mit der Krankheitsaktivitét
korreliert (Askari et al. 2003; Rudolph et al. 2009). In den letzten Jahren gibt es zunehmende
Hinweise darauf, dass MPO neben seiner Eigenschaft als Oxigenase auch immunmodulatorische
Funktionen austibt, die unabhé&ngig von seiner katalytischen Aktivitat sind (Nussbaum et al. 2013).
So stimulierte inaktives MPO die Produktion von Interleukin-6 und -8 in Endothelzellen und die
Freisetzung reaktiver Sauerstoffspezies wirksamer als aktives MPO (Lefkowitz et al. 2000).
Interleukin-8 ist ein Chemokin, das malgeblich an der Aktivierung und Chemotaxis von
Granulozyten beteiligt ist und somit eine wichtige Rolle bei der Leukozytenrekrutierung spielt (Ley
et al. 2007). Lau und Kollegen konnten zudem zeigen, dass extrazellulares MPO neutrophile
Granulozyten in auto- und parakriner Weise aktiviert, was zu Degranulation, erhdhter NADPH-
Oxidase Aktivitdt und vermehrter Oberflachenexpression des B2-Integrins Mac-1 (CD11b/CD18)
fuhrte (Lau et al. 2005). Dariiber hinaus vermittelte MPO die Adhdsion von neutrophilen
Granulozyten in vitro (Johansson et al. 1997) und verzogerte deren Apoptose (El Kebir et al. 2008).
Diese Effekte waren nicht an die oxidative Wirkung von MPO gebunden, sondern verliefen tber
eine Signalkaskade, welche Mac-1 und die MAP-Kinasen p38, ERK1/2 und Akt involvierte (El
Kebir et al. 2008; Lau et al. 2005). Der genaue Wirkmechanismus von inaktivem MPO ist nicht
geklart, es wurde aber schon friher postuliert, dass MPO nach extrazellularer Freisetzung rasch
inaktiviert wird und in dieser Form eine wichtige physiologische Rolle spielen konnte (King,
Jefferson, and Thomas 1997). Als stark kationisches Protein reichert sich extrazellulares MPO
entlang des Endothels und im subendothelialen Raum an, wo es an anionische Bestandteile der
Glykokalyx (s. Abschnitt 1V, S. 28/29) bindet (Baldus et al. 2001). Im Hinblick auf die hohe
Affinitdt von MPO sowohl gegeniliber dem Endothel als auch gegeniber neutrophilen Granulozyten
und seine aktivierende Wirkung auf Granulozyten war es Ziel der Studie zu untersuchen, ob MPO

die Rekrutierung von Granulozyten beeinflusst.
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Ergebnisse

Die wichtigsten Ergebnisse der Studie werden im Folgenden zusammengefasst:

1) MPO fiihrt konzentrationsabhangig zur gerichteten Migration von Granulozyten in vitro (Abb.
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Abb. 2): Gerichtete Migration humaner

Granulozyten in Mikrokammern.

Durch Einbringen der jeweiligen Substanz auf

einer Seite der Kammer wurde ein

Konzentrationsgradient hergestellt. Die Anzahl

migrierender Zellen wurde im Segment mit dem

steilsten Gradienten quantifiziert.

a) MPO bewirkt eine konzentrationsabhangige
Migration von Granulozyten.

b) Die Wirkung von MPO auf die Migration
von Granulozyten ist starker als die von IL-8
(= Positivkontrolle).

c) Graphische Darstellung der Migrationswege
von Granulozyten in der Mikrokammer. Die
roten Linien zeigt eine Bewegung der Zellen
in Richtung des jeweiligen Stimulus an.
HSA (Humanes Serumalbumin =
Kontrolle); IL-8 (= pos. Kontrolle)

neg.

2) Der Effekt von MPO ist unabhéngig von dessen katalytischer Aktivitat und benétigt keine

3)

4)

Beteiligung des Zytoskeletts. So hatte eine Vorbehandlung mit dem MPO-Inhibitor 4-ABAH
keine Auswirkung auf die Migration der Zellen in Richtung MPO Gradient. Ebenso zeigten
zwei inaktive MPO-Varianten einen vergleichbaren Effekt auf die Migration von Granulozyten
wie aktives MPO. Darlber hinaus wurde die Migration nicht durch pharmakologische
Inhibitoren des zytoskelettalen Umbaus (z.B. Cytochalasin D) beeinflusst.

Der Effekt von MPO auf die Migration von Granulozyten ist abh&ngig von elektrostatischen
Interaktionen. Die Migration der Zellen wurde durch ein Anheben des pH-Wertes in der
Kammer auf 9,2 (isoelektrischer Punkt von MPQ) oder ein Zusetzen der polykationischen
Substanzen Poly-L-Arginin, Protamin und Histon A2 (Egalisierung des elektrischen
Gradienten) vollstandig aufgehoben.

MPO ist an der Rekrutierung von Granulozyten in verschiedenen in vivo-Modellen beteiligt

(Abb. 3).
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Abb. 3): Rekrutierung neutrophiler Granulozyten in vivo. a) Reprasentative Leberschnitte von Wildtyp
(WT) und MPO-defizienten (MPO-/-) Tieren 24h nach Ischamie/Reperfusion (braune Férbung =
Granulozyten). b) Adhé&rente und extravasierte Granulozyten im TNFa -behandelten Mauscremaster-muskel
in WT und MPO-/- Tieren. c) Adhasion von Granulozyten in postkapilliren Venolen des
Mauscremastermuskels vor und nach Injektion von Kochsalz (Trager), aktivem MPO und inaktivem Q91T
MPO.

Diskussion

Die hier dargestellten Untersuchungen demonstrieren eine Rolle der Myeloperoxidase bei der
Rekrutierung neutrophiler Granulozyten in vitro und in vivo. Die Ergebnisse bestatigen damit die
Vorstellung, dass MPO neben seiner Funktion im antimikrobiellen Arsenal von Granulozyten
weitere wichtige Aufgaben im Rahmen der Immunantwort bernimmt (Nussbaum et al. 2013).
Interessanterweise war die enzymatische Aktivitat von MPO hierbei nicht von Bedeutung. Vielmehr
scheint MPO uber elektrostatische Interaktion die Bindung von Granulozyten an das Endothel zu
vermitteln. Ein vergleichbarer Effekt auf die Adhédsion von Immunzellen wurde auch fir andere
kationische Proteine aus Granulozyten wie z.B. Azurodizin und Proteinase 3 beschrieben
(Soehnlein, Lindbom, and Weber 2009; Soehnlein et al. 2005). Bereits vor Uber 50 Jahren
berichteten Janoff und Zweifach, dass eine kationische Proteinfraktion isoliert aus neutrophilen
Granulozyten in der Lage ist, eine inflammatorische Reaktion in GefdRen des Rattenmesenteriums
auszulosen, die mit der Adhéasion und Emigration von Leukozyten einherging (Janoff and Zweifach
1964). Als mdoglicher Mechanismus wurde dabei eine Veranderung der Oberflachenladung
diskutiert. Das Konzept der elektrostatisch vermittelten Interaktion durch kationische
Granulozytenbestandteile wird durch mehrere Studien unterstitzt (Gallin 1980; Schaack et al.
1980). Unter physiologischen Bedingungen bt die endotheliale Glykokalyx antiadhé&sive
Eigenschaften aus, die zum Teil auf repulsive Krafte zwischen negativ geladenen Bausteinen der
Glykokalyx (z.B. Heparansulfat) und den ebenfalls negativ geladenen Leukozyten zurlickgeftihrt
werden (Constantinescu, Vink, and Spaan 2003; Reitsma et al. 2007). Extrazellulares MPO bindet

als stark kationisches Protein mit hoher Affinitat an Heparansulfat und andere Bestandteile der

12



extrazelluldren Matrix (Baldus et al. 2001; Baldus et al. 2006) und kdnnte so durch Abschwéachung
der negativen Oberflachenladung den Kontakt von Leukozyten mit der Geféal3oberflache erleichtern.
Dieser enge Kontakt ist fur die weiteren Schritte der Rekrutierungskaskade, welche die Bindung
von spezifischen endothelialen Liganden und Chemokinen voraussetzen, von hoher Bedeutung.
Daruber hinaus konnte die Freisetzung von MPO aus bereits adhdrenten und migrierenden
Granulozyten dazu dienen, nachfolgende Zellen zu den Austrittspforten flr die Transmigration in
das umliegende Gewebe zu geleiten. Die Vorstellung, dass MPO eher die etablierten Mechanismen
der Leukozytenrekrutierung unterstiitzt, als wahllos die Adhé&sion von Zellen an das Endothel zu
vermitteln, wird durch die Beobachtung gestiitzt, dass MPO nur in postkapillaren Venolen, dem
ublichen Ort der Leukozytenrekrutierung, nicht aber in Arteriolen effektiv war. Wahrend dieser
Mechanismus im Rahmen der priméren Immunantwort gegen pathogene Keime durchaus sinnvoll
erscheint, ist er bei entzlindlichen Erkrankungen, die mit einer GberschieBenden Aktivierung von
Granulozyten einhergehen, maoglicherweise problematisch, da er die Inflammation unterhélt.
Zusammenfassend identifizieren die Untersuchungsergebnisse eine bislang unbekannte Rolle von
MPO und demonstrieren einen neuartigen Mechanismus, wie MPO die Motilitat und Rekrutierung
neutrophiler Granulozyten in vitro und in vivo begunstigt. Die Ergebnisse tragen somit zum
besseren Verstdndnis grundlegender Mechanismen der Leukozytenrekrutierung bei und

identifizieren MPO als mdgliches Ziel neuer anti-inflammatorischer Therapien.
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I1b) Sphingosine-1-phosphate receptor 3 promotes leukocyte rolling by mobilizing endothelial
P-selectin.

(Nussbaum C. et al., Nat Commun 2015 Apr 2;6:6416)

Einleitung und Zielsetzung

Spingosin-1-Phospat (S1P) ist ein bioaktives Lysophospholipid mit Bedeutung fir die Funktion des
Immunsystems und des kardiovaskuldren Systems (Aoki et al. 2016; Rivera, Proia, and Olivera
2008). Es entsteht durch Phosphorylierung von Sphingosin durch Spingosinkinasen. Die Wirkung
von S1P wird Uber Bindung spezifischer, G-Protein gekoppelter Rezeptoren (S1P;.s Rezeptor)
vermittelt (Spiegel and Milstien 2011).

Die Rolle von S1P und seinen Rezeptoren bei der Leukozytenrekrutierung im Rahmen der
angeborenen Immunitét wird derzeit kontrovers diskutiert. Einerseits belegen mehrere Studien, dass
exogenes S1P die Expression der Adhésionsmolekile VCAM-1 und E-Selektin auf dem Endothel
induzieren kann (Kimura et al. 2006; Krump-Konvalinkova et al. 2005). Zudem steigert eine
chronische Uberexpression der Sphingosinkinase-1 (Produzent von endogenem S1P) die TNF-a
induzierte Expression von VCAM-1 und E-Selektin (Limaye et al. 2009). Andere Studien zeigen
dagegen, dass S1P und S1P;-Rezeptor-Agonisten eine inhibitorische Wirkung auf die durch TNF-a
stimulierte Expression endothelialer Adhésionsmolekdile und die Adhdsion von Immunzellen haben
(Bolick et al. 2005; Whetzel et al. 2006). Mdgliche Erklarung fiir diese diskrepanten Ergebnisse
sind eine unterschiedliche S1P-Rezeptor-Besetzung in verschiedenen Endothelien sowie stark
variierende S1P Konzentrationen in den jeweiligen Studien. Eine Beteiligung von endogenem S1P
bei der Vermittlung von P-Selektin abhangigem Leukozytenrollen legte kirzlich eine Arbeit von
Sun und Kollegen nahe. Die Autoren konnten zeigen, dass Histamin-induziertes Rollen von
Leukozyten durch eine Blockade oder den genetischen Verlust der Shingosinkinase-1 aufgehoben
wurde (Sun et al. 2012). Weder die Zugabe von exogenem S1P noch eine pharmakologische S1P-
Rezeptorblockade zeigte Auswirkungen auf das Histamin-induzierte Rollen, was zur
Schlussfolgerung flhrte, dass es sich hierbei um einen S1P-Rezeptor-unabhéngigen Prozess
handelt.

Wahrend sich die meisten Untersuchungen zur Funktion von S1P im Rahmen der angeborenen und
adaptiven Immunitét auf dessen Wirkung am S1P;-Rezeptor konzentrieren, ist bislang wenig tber
die Rolle des S1P3;-Rezeptors bekannt. In einer vorausgegangenen Studie wurden bei S1P3;-Rezeptor
defizienten Méusen Defekte bei der Rekrutierung von Leukozyten im Rahmen von Arteriosklerose
und peritonealer Inflammation identifiziert (Keul et al. 2011). Inwiefern hiervon auch das
Leukozytenrollen betroffen ist, blieb dabei unklar. Ziel war es daher, die Bedeutung von S1P und
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insbesondere des S1Ps;-Rezeptors fiir das Leukozytenrollen im Rahmen einer akuten Inflammation
néher zu untersuchen.

Ergebnisse

Die wesentlichen Ergebnisse der Arbeit werden in Abb. 4. schematisch zusammengefasst.
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Abb. 4): Schematische Darstellung der Effekte von S1P und seiner Rezeptoren S1P; und S1P; auf die
endotheliale P-Selektin Mobilisierung und das P-Selektin-vermittelte Rollen.

Anhand statischer und dynamischer in vitro Assays (u.a. Zellkultur, Durchflusszytometrie,
Flusskammern) sowie intravitalmikroskopischer Untersuchungen am Modell des Mauscremaster-
muskels (Trauma-induzierte Inflammation) wurden folgende neue Erkenntnisse zur Rolle von S1P

und seinen Rezeptoren bei der Vermittlung von P-Selektin abhéngigem Leukozytenrollen
gewonnen:

1) S1P bewirkt als direkter Agonist die rasche endotheliale Mobilisierung von P-Selektin und P-
Selektin-abhangiges Leukozytenrollen.
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2) S1P-abhéngiges Leukozytenrollen wird maRgeblich Gber den S1P3;-Rezeptor vermittelt und
verlauft Gber eine Signalkaskade, welche die G-Protein Untereinheit Gg, Phospholipase C
(PLC) und intrazelluléares Calcium involviert.

3) Der P-Selektin-mobilisierende Effekt verschiedener anderer Mediatoren wie z.B. Histamin oder
Epinephrin wird durch Aktivierung der Spingosinkinase-1 zum Teil indirekt Gber S1P und den
S1P3;-Rezeptor vermittelt.

4) Die Mobilisierung von P-Selektin kann durch einen neu identifizierten cAMP-abhangigen
Signalweg, welcher die Sphingosinkinase 1 aktiviert, induziert werden.

5) Der S1P- Rezeptor Typ 1 (S1P;) hemmt das Leukozytenrollen und ist somit eine Gegenspieler
von S1Ps.

6) Die pharmakologische Blockade oder Herunterregulierung von S1P; setzt das Leukozytenrollen

unter physiologischen in vivo-Bedingungen herab.

Diskussion

Die Arbeit identifiziert S1P als einen wesentlichen Akteur bei der raschen Mobilisierung von
praformiertem P-Selektin an die Endotheloberflache und die Vermittlung von P-Selektin-
abhangigem Rollen in vitro und in vivo. S1P wirkt hierbei Uber den S1P3;-Rezeptor als direkter
Agonist auf das Leukozytenrollen, wie auch indirekt als Mediator anderer P-Selektin-
mobilisierender Substanzen, wie z.B. Histamin oder Epinephrin (Cleator et al. 2006).
Leukozytenrollen in dem hier verwendeten in vivo-Modell der Trauma-induzierten Entziindung ist
komplett P-Selektin abhé&ngig und wird durch Degranulation von Mastzellen getriggert, wobei die
Freisetzung von Histamin ca. 50% des Effekts ausmacht (Kubes and Kanwar 1994). Die
Freisetzung von S1P aus Mastzellen wurde bislang fur allergisch-aktivierte Mastzellen beschrieben
(Olivera and Rivera 2011). Unsere Versuche zeigen, dass Mastzellen in vitro innerhalb von
Minuten S1P freisetzen und zur raschen Mobilisierung von P-Selektin in HUVEC fuhren. Inwiefern
die Freisetzung von S1P die andere Halfte des Mastzelleffekts auf das Trauma-induzierte

Leukozytenrollen in vivo ausmacht, muss durch weiterfihrende Untersuchungen geklart werden.

Die Beobachtung, dass S1P an verschiedenen Rezeptoren unterschiedliche und sogar gegensatzliche
Wirkung entfaltet, wie hier fur den S1P;- und S1P3-Rezeptor demonstriert, greift frihere Befunde
zu anderen S1P-regulierten Prozessen auf. So zeigten beispielsweise die S1P-Rezeptoren Typ 1 und
2 entgegengesetzte Effekte auf die Migration von Endothelzellen (Skoura and Hla 2009) und die
GeféaBpermeabilitat (Camerer et al. 2009; Sanchez et al. 2007). Matsushita und Kollegen konnten
zudem zeigen, dass S1P eine duale Rolle bei der Exozytose von Weibel-Palade-Kdrperchen hat,
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indem es diese Uber unterschiedliche intrazelluldre Signalwege sowohl fordert als auch hemmt
(Matsushita, Morrell, and Lowenstein 2004). Interessanterweise waren fur die férdernde Wirkung
Phospholipase C und Calcium notwendig, zwei der intrazellularen Signalmolekule, die auch bei der

S1P;-Rezeptor-vermittelten P-Selektin-Freisetzung von Bedeutung waren.

Die unterschiedliche Aktion von S1P an seinen verschiedenen Rezeptoren zusammen mit einer
dosisabhéngigen Wirkung von S1P konnte eine mogliche Erklarung fur die bislang kontroversen
Befunde zur Rolle von S1P bei der Leukozytenrekrutierung liefern. Zudem wird deutlich, warum
der geringe Effekt einer pharmakologischen S1P-Rezeptor Blockade auf die P-Selektin-Freisetzung,
wie er von Sun und Kollegen beobachtet wurde (Sun et al. 2012), nicht unbedingt gleichbedeutend
mit einer fehlenden Beteiligung dieser Rezeptoren sein muss. Da die meisten pharmakologischen
Inhibitoren nicht komplett selektiv fiir einen S1P-Rezeptor Subtyp sind, fuhrt die gleichzeitige
Blockade von aktivierenden und hemmenden Rezeptoren nur zu einem geringen Nettoeffekt. Der
Sinn einer solchen differentiellen Wirkweise in vivo ist moglicherweise das ,,fine tuning* der

Immunantwort in Rahmen inflammatorischer Prozesse.

Zusammenfassend erweitert die Arbeit das Wissen tiber die komplexe Rolle von S1P im Rahmen
der Immunfunktion und liefert wichtige neue Erkenntnisse zur Regulation von P-Selektin-

abhangigem Leukozytenrollen in vitro und in vivo.
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1) Teil 2: Regulation der Rekrutierung von Leukozyten und Thrombozyten

Im Rahmen der fetalen Entwicklung

Wissenschaftlicher Hintergrund

Wie bereits im ersten Teil ausgefihrt, stellt die Rekrutierung von Leukozyten aus dem Gefa3system
in das umliegende Gewebe einen komplexen und streng regulierten Prozess dar (s. Abschnitt Il, S.
8/9). Gleichermallen ist auch die Rekrutierung von Thrombozyten im Rahmen der priméren
Hamostase ein vielschichtiger Vorgang, der das funktionelle Zusammenspiel einer Vielzahl
spezifischer Oberflachenrezeptoren mit ihren jeweiligen Liganden voraussetzt (Clemetson 2012;
Sachs and Nieswandt 2007). Abb. 5 skizziert die einzelnen Schritte der Rekrutierung von

Thrombozyten an die Gefallwand.
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Abb. 5): Schematische Darstellung der Thrombozytenrekrutierung (Sachs and Nieswandt 2007)

Im Rahmen von GefaRverletzungen werden Komponenten der subendothelialen Matrix exponiert,
welche den initialen Schritt der Rekrutierungskaskade, das sog. Tethering unter hoher
Schubspannung vermitteln. Hierbei spielt die Interaktion zwischen von-Willebrand-Faktor (VWF)
und dem Glykoprotein Ib (GPIb, CD42)-Komplex auf Thrombozyten eine entscheidende Rolle
(Moroi and Jung 1997). Durch die vVWF-GPIb Verbindung werden die Thrombozyten abgebremst,
was eine Interaktion von Glykoprotein VI (GPVI) auf den Plattchen mit Kollagen der

extrazellularen Matrix ermdglicht. Die Bindung von GPVI fuhrt zu einer starken Aktivierung der
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Thrombozyten mit Freisetzung diverser Agonisten (u.a. ADP, ATP und Thromboxan A;), welche
die Thrombozyten zusétzlich in auto- und parakriner Weise aktivieren und die Rekrutierung
weiterer Plattchen unterstiitzen (Moroi and Jung 1997). Gleichzeitig trégt auch Thrombin, das unter
der Wirkung von Gewebefaktor (tissue factor) lokal gebildet wird, zur Plattchenaktivierung bei
(Sachs and Nieswandt 2007). Infolge der Aktivierung kommt es vermittelt durch die Integrin-
Adaptermolekiile Kindlin-3 und Talin-1 sowie die GTPase Rapl zu einer Konformationsanderung
des Bs-Integrins GPIIb/IIla (appP3; CD41/CD61) in einen Zustand hoher Affinitdt (Moser et al.
2008). In diesem ist eine Bindung an Fibrinogen (und tber vVWF auch an Kollagen) mdglich, was
zur festen Adhé&sion und zur Ausbreitung der Plattchen (sog. Spreading) an der GefalRwand fiihrt.
Daneben unterhalten B;-Integrin-vermittelte Signale den Aktivierungszustand der Plattchen (Petzold
et al. 2013). Adhérente Thrombozyten bilden so eine proadhésive Oberflache, an welche sich
weitere Thrombozyten anheften konnen, was letztlich zur Bildung eines primaren Thrombus fihrt.
Die Interaktion und Vernetzung zwischen den Plattchen wird dabei v.a. ber Bindung von
Fibrinogen und VvWF an aktiviertes GPIIb/lIlla vermittelt. Hierdurch werden das
Thrombuswachstum und die -stabilitdt unterstiitzt (Bennett 2005). Zusatzlich spielt auch die
Interaktion von Thrombozyten mit Leukozyten eine Rolle bei der priméren H&mostase (McEver
2001). Aktivierte Plattchen setzten in grolRer Menge P-Selektin (CD62P) frei, welches an PSGL-1,
den wesentlichen Roll-Liganden auf Leukozyten, binden kann (s. Abschnitt Il, S. 9). Daruber
hinaus bewirken Thrombozyten iber CD40-CD40 Liganden- und GPIba-Mac-1-Interaktionen eine
Aktivierung von Leukozyten (Lindmark, Tenno, and Siegbahn 2000; Wang et al. 2005). Diese
konnen wiederum durch Freisetzung von Chemokinen und anderen vasoaktiven Substanzen die

Thrombusbildung verstérken.

Unser Verstandnis Uber die Vorgange der Leukozyten- und Thrombozytenrekrutierung basiert
vornehmlich auf Studien, die am adulten Organismus durchgefihrt wurden. Vergleichende
Untersuchungen deuten jedoch darauf hin, dass es erhebliche Unterschiede zwischen dem
erwachsenen Organismus und Neugeborenen gibt (Nussbaum and Sperandio 2011; Sola-Visner
2012). Diese Unterschiede beruhen vermutlich auf einer differentiellen Regulation der Prozesse im
Fetus, wobei bislang nur wenige Daten zu diesem Thema existieren. Im Nachfolgenden werden
Arbeiten des Habilitationsprojektes vorgestellt, die sich mit der Regulation der Rekrutierung von

Leukozyten und Thrombozyten im Rahmen der fetalen Entwicklung befassen.
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I11a) Neutrophil and endothelial adhesive function during human fetal ontogeny.

(Nussbaum C. et al., J Leukoc Biol 2013; 93(2):175-84)

Einleitung und Zielsetzung

Schwere Infektionen stellen trotz groRer Fortschritte in der intensivmedizinischen Versorgung von
Neugeborenen weiterhin eine fuhrende Ursache von neonataler Morbiditat und Mortalitat dar.
Schétzungen zu Folge sterben jéhrlich Gber 1,4 Millionen Neugeborene weltweit infolge von
invasiven Infektionen (Shane and Stoll 2014). Die Sepsisinzidenz korreliert dabei invers mit dem
Gestationsalter der Kinder und erreicht bei extrem frihgeborenen Kindern Raten von bis zu 62%
(Stoll et al. 2010; Genzel-Boroviczeny et al. 2006). Neben extrinsischen Faktoren wie haufige
invasive Prozeduren und lange Krankenhausaufenthalte scheint im Hinblick auf die inverse
Korrelation schwerer Infektionen mit dem Gestationsalter auch eine Unreife des Immunsystems

ursachlich fir die hohe Infektanfalligkeit zu sein (Levy 2007).

Neutrophile Granulozyten spielen bei der angeborenen Immunantwort v.a. gegen bakterielle
Pathogene eine zentrale Rolle und werden als erste Zellen aus dem Blutstrom an der Ort der
Infektion rekrutiert (Kantari, Pederzoli-Ribeil, and Witko-Sarsat 2008). Schon seit langerem ist
bekannt, dass Granulozyten von Neugeborenen im Vergleich zu Erwachsenen Unterschiede im
Adhasions- und Migrationsverhalten aufweisen (Nussbaum and Sperandio 2011). Uber die
Steuerung der Leukozytenrekrutierung im Verlauf der fetalen Entwicklung ist jedoch nur wenig
bekannt. Tierversuche, die sich mit dieser Fragestellung beschéftigen, sind limitiert und
beschranken sich berwiegend auf Untersuchungen an Nichtsdaugern (Rouwet et al. 2000; Le
Guyader et al. 2008). Die Ergebnisse dieser Studien deuten auf eine ontogenetische Regulation der
Leukozytenrekrutierung mit ,,Reifung” im Verlauf der fetalen Entwicklung hin. Inwiefern ein

solcher Reifungsprozess aber auch bei der humanen Entwicklung stattfindet ist unklar.

Ziel dieser Kklinisch-experimentellen Studie war es daher das Rekrutierungspotential neutrophiler
Granulozyten und Endothelzellen von Reifgeborenen und Frihgeborenen verschiedener
Gestationsaltersstufen zu untersuchen, um genaueren Aufschluss Uber die Regulation der

Leukozytenrekrutierung im humanen Fetus zu erlangen.
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Ergebnisse

Zur Klarung der Fragestellung wurden neutrophile Granulozyten und Endothelzellen aus dem

Nabelschnurblut von friih- und reifgeborenen Neonaten isoliert und in Mikroflusskammersystemen

sowie mittels Durchflusszytometrie und Immunhistochemie untersucht.

Die Untersuchungen zeigten, dass die Fahigkeit zur Leukozytenrekrutierung signifikant mit dem

Gestationsalter korreliert und sowohl die Funktion von Granulozyten als auch Endothelzellen
betrifft.

1) Rollen und Adhésion von Granulozyten sind bei extremen Frihgeborenen < 30

2)

Schwangerschaftswochen (SSW) massiv herabgesetzt gegeniiber spateren
Entwicklungszeitpunkten, wobei auch Reifgeborene nicht das Niveau von Erwachsenen
erreichten (Abb. 6A,B). Gleichermalien ist die Fahigkeit von Nabelschnur-Endothelzellen
(HUVEC) eine Leukozytenrekrutierung zu induzieren abhéngig vom Gestationsalter und steigt
im Verlauf der fetalen Entwicklung schrittweise an. HUVEC von extremen Friihgeborenen
zeigten dabei ein signifikant reduziertes Potential Rollen und Adhdsion von adulten
Granulozyten zu vermitteln (Abb. 6C).
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Abb. 6): Leukozytenrekrutierung in Abhangigkeit vom Gestationsalter. Anzahl rollender (A) und
adhdrenter (B) Granulozyten von frih- und reifgeborenen Neonaten sowie adulten Kontrollen in
Mikroflusskammern, welche mit Adhésionsmolekiilen wie angegeben beschichtet wurden. C) Anzahl
adhdrenter adulter Granulozyten (immunkompetent) auf LPS-stimulierten HUVEC von frih- und
reifgeborenen Neonaten.

Die Expression von Adhdsionsmolekilen mit Bedeutung fir die Leukozytenrekrutierung
korreliert mit dem Gestationsalter. Die Expression von E- Selektin und ICAM auf LPS-
stimulierten HUVEC (Abb. 7A) sowie von PSGL-1 (Selektinligand) und dem B2-Integrin Mac-
1 auf Granulozyten (Abb. 7B) war bei extrem Frihgeborenen signifikant herabgesetzt

gegentber spateren Entwicklungszeitpunkten und adulten Kontrollen.
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3) Der altersabhéngige Reifungsprozess der Leukozytenrekrutierung findet auch ex utero statt und
unterscheidet sich nicht von der Entwicklung in utero (Abb. 7C).
4) Die Leukozytenrekrutierung und die Expression von Adhdsionsmolekilen werden durch eine

Vorbehandlung mit Betamethason nicht beeinflusst.
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Abb. 7): Expression von Adhasionsmolekilen in Abhangigkeit vom Gestationsalter. A)
Durchflusszytometrische Analyse von E-Selektin und ICAM-1 auf HUVEC und B) PSGL-1 (Selektin-
Ligand), CXCR2 (Chemokinrezeptor) und PB,-Integrinen auf Granulozyten (PMN). C) Vergleich zw.
extrauteriner Entwicklung (< 30 SSW bei Geburt, Messung mit korrigiert > 30 SSW) und intrauteriner
Entwicklung (> 30 SSW bei Geburt, Messung bei Geburt)

Diskussion

Die vorliegende Arbeit identifiziert einen Reifungsprozess der Leukozytenrekrutierung im Verlauf
der fetalen Entwicklung, welcher die Funktion von Granulozyten und Endothelzellen umfasst. Die
Ergebnisse  bestdatigen die Befunde friherer Studien, die eine Verminderung der
Granulozytenrekrutierung bei reifgeborenen Neonaten im Vergleich zu Erwachsenen demonstrieren
(Mariscalco, Tcharmtchi, and Smith 1998; Anderson et al. 1991; Abbassi et al. 1993) und erweitern
diese auf die Gruppe Friihgeborener. Dabei zeigte sich, dass Granulozyten extrem friihgeborener

Neonaten kaum in der Lage sind unter Flussbedingungen zu rollen oder zu adhérieren.

Als Ursache fir die verminderte Rollbereitschaft der Granulozyten von Reifegeborenen wurde eine
Reduktion des Selektinliganden PSGL-1 diskutiert (Tcharmtchi, Smith, and Mariscalco 2000).
Unsere Analysen offenbaren eine darliber hinausgehende Verminderung von PSGL-1 auf
Granulozyten von Friihgeborenen, welche die stark verminderte Anzahl rollender Zellen in dieser
Untersuchungsgruppe wiederspiegelt. Diese tragt sicherlich zu der signifikanten Reduktion
adhdrenter Zellen bei, da Rollen eine Voraussetzung fir die Adhéasion unter Fluss darstellt
(Lawrence and Springer 1991). Zusitzlich scheinen Unterschiede von [p-Integrinen fir die

reduzierte Rekrutierung neonataler Granulozyten verantwortlich zu sein (McEvoy, Zakem-Cloud,
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and Tosi 1996; Anderson et al. 1987). Dementsprechend zeigte sich eine Korrelation der Mac-1
Expression mit dem Gestationsalter. Bei der Leukozytenrekrutierung spielt auch das Endothel eine
entscheidende Rolle. Die vorliegende Arbeit identifiziert ein funktionelles Defizit neonataler
Endothelzellen, welches v.a. bei extremen Frihgeborenen zum Vorschein kommt. Um Rollen und
Adhésion zu induzieren, missen Endothelzellen in der Lage sein Adhdsionsmolekile auf ihrer
Oberflache hochzuregulieren. In einer friheren Studie konnte demonstriert werden, dass die
Expression von P-Selektin auf Endothelzellen vom Gestationsalter abhéngt (Lorant et al. 1999).
Unsere Ergebnisse zeigen zudem, dass auch die endotheliale Expression von E-Selektin und ICAM-
1 bei Fruhgeborenen signifikant reduziert ist im Vergleich zu Reifgeborenen und mit zunehmender

Reife ansteigt.

Uberraschenderweise offenbarten Folgeuntersuchungen von extremen Friihgeborenen, dass der
altersabhéngige Reifungsprozess durch extrinsische Faktoren kaum beeinflusst wird und sich nicht
signifikant von der intrauterinen Entwicklung unterscheidet. Zudem wurde ausgeschlossen, dass die
Unterschiede zwischen friih- und reifgeborenen Neonaten auf einer Behandlung mit Steroiden, wie
sie zur Induktion der Lungenreife standardmalig stattfindet, beruhen (Msan et al. 2015).
Zusammengefasst deuten diese Ergebnisse auf eine ontogenetische Regulation der
Leukozytenrekrutierung hin als physiologische Anpassung an die besonderen Bedirfnisse im
Verlauf der fetalen Entwicklung. Die Befunde konnten parallel hierzu anhand eines neuartigen
Modells zur Observation der Mikrozirkulation bei murinen Feten in vivo bestatigt werden
(Sperandio et al. 2013).

Die massiv herabgesetzte Fahigkeit zur funktionellen Leukozytenrekrutierung bei Friihgeborenen
disponiert diese in besonderem MalRe fir invasive Infektionen. Fir die Entwicklung neuer
Strategien zur Pravention und Therapie neonataler Infektionen sind weiterfiihrende Studien
notwendig, um die Mechanismen zu entschlisseln, welche dieser ontogenetischen Regulation

zugrunde liegen.
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I11b) Maturation of platelet function during murine fetal development in vivo.

(Margraf A., Nussbaum C.* et al,. Arterioscler Thromb Vasc Biol 2017 Apr 20, * gleichberechtigte
Erstautorenschaft)

Einleitung und Zielsetzung

Wie im wissenschaftlichen Hintergrund ausgefiihrt (s. Abschnitt 111, S. 18/19) sind Thrombozyten
die wesentlichen Akteure bei der primaren Hamostase und verhindern groRere Blutverluste bei
GeféaBverletzungen durch rasche Rekrutierung an die verletzte Gefalwand mit nachfolgender
Ausbildung einen Thrombus. Wahrend es ausfihrliche Untersuchungen zur Funktion von
Thrombozyten im adulten Organismus gibt, ist die Datenlage zu den Vorgdngen im sich
entwickelnden Fetus limitiert und z.T. widerspruchlich.

Einerseits haben vorausgegangene Studien demonstriert, dass Plattchen von Neugeborenen eine
Hyporeaktivitat gegeniiber verschiedenen Agonisten besitzen (Sola-Visner 2012; Israels et al.
1999). Andererseits zeigen Neugeborene im Vergleich zu Erwachsenen eine verkirzte Blutungszeit
und eine verstarkte Ristocetin-induzierte Agglutination, was auf hohere Spiegel und eine verstarkte
Aktivitat des plasmatischen von Willebrand-Faktor (vWF) zuriickgefuhrt wurde (Israels, Rand, and
Michelson 2003). Mehrere Arbeitsgruppen haben eine Korrelation der Thromboyztenzahl und -
aktivitdt mit dem Gestationsalter beschrieben (Levy-Shraga et al. 2006; Bednarek et al. 2009;
Wiedmeier et al. 2009). Dies konnte v.a. bei Frihgeborenen zu Komplikationen fiihren. So wurde
beispielsweise gezeigt, dass der postnatale Verschluss des Ductus arteriosus mit der Bildung eines

Thrombus einhergeht und bei Thrombozytopenie gestort ist (Echtler et al. 2010).

Die bisherigen Erkenntnisse zur fetalen Plattchenfunktion stammen fast ausschlieBlich aus in vitro-
Untersuchungen, waéhrend systematische in vivo-Untersuchungen der primaren Hamostase
sicherlich auch aufgrund der schwierigen experimentellen Untersuchungsbedingungen fehlen. Ziel
dieser Studie war es daher ein intravitalmikroskopisches Modell zu entwickeln, welches eine
Untersuchung der Thrombusbildung im lebenden Fetus ermdglicht, um so die VVorgange bei der
priméren Hamostase im Verlauf der fetalen Entwicklung zu analysieren. Zusatzlich erfolgte eine
retrospektive Datenanalyse einer neonatalen Kohorte aus einem Level 1 Perinatalzentrum, um die
Auswirkung einer Thrombozytentransfusion bei thrombozytopenen Neonaten auf die
pharmakologische Verschlussrate eines persistierenden Ductus arteriosus (PDA) zu untersuchen.
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Ergebnisse:

Fur die in vivo Untersuchung der fetalen Thrombozytenfunktion wurden ein zuvor etabliertes
Modell der fetalen Mikrozirkulation verwendet und entsprechend adaptiert (Sperandio et al. 2013).
Die Thrombozytenrekrutierung in Dottersackgefdlen wurde dabei durch phototoxischen
Endothelschaden nach Mikroinjektion von FITC-Dextran induziert (Abb. 8). Die Untersuchungen
erfolgten an den Entwicklungstagen E13.5 bis E17.5 von insgesamt 21 Tagen Gestationsdauer.

Abb. 8): In vivo Modell zur Untersuchung der fetalen Thrombozytenfunktion. Links: Praparation
des Feten im intakten Dottersack (* Verbindung zur Plazenta). Mitte: Injektion von 10% FITC-Dextran
in ein Dottersackgefal3. Rechts: intravitale Fluoreszenzmikroskopie der DottersackgefaBe. Die Pfeile
markieren wandstandige Thromben.

Die Untersuchungen ergaben zusammengefasst folgende Ergebnisse:

1) Die Fahigkeit zur funktionellen Thrombusbildung in vivo korreliert mit dem Gestationsalter. So
zeigten E13.5 Feten im Vergleich zu spéteren Entwicklungszeitpunkten eine signifikant
geringere Rate an Thrombozytenadhésion (Abb. 9A), eine Thrombusinstabilitdit mit 100%
Wiedereroffnungsrate primdr okkludierter GefaRe (Abb. 9B) und weniger Rekrutierung von
Thrombozyten in den wachsenden Thrombus (Abb. 9C)
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Abb. 9): Funktionelle Thrombusbildung in Abh&ngigkeit vom Gestationsalter. A) Rate der
priméren Thrombozytenadhdsion an der GefalBwand (onset). B) Prozentualer Anteil an wiederer6ffneten
GeféaRen nach primdrem Verschluss (reflow). C) Rate endgultiger gefaRokkludierender Thromben (final
occlusion).
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2)

3)

4)

5)

6)

A)

Die Thrombozytenzahl hdngt vom Gestationsalter ab und war bei E13.5 Feten massiv
herabgesetzt, wobei das Plattchenvolumen und der prozentuale Anteil groBer Plattchen invers
mit dem Gestationsalter korrelieren.

Der Gesamtgehalt und die Oberflachenexpression von P-Selektin sowie von Glykoprotein Ib-
sind in fetalen Thrombozyten im Vergleich zu adulten Kontrollen signifikant reduziert.

Fetale Thrombozyten besitzen im Vergleich zu adulten Kontrollen signifikant geringere
Proteinspiegel der Integrin-Adaptermolekiile Kindlin-3, Talin-1 und der GTPase Rapl und
zeigen eine gestorte Aktivierung des a2bB3-Integrins (GPIIb/Illa) nach Stimulation mit
Thrombin (Abb. 10). Dies resultiert in einer signifikant verminderten Fahigkeit fetaler

Plattchen zum ,,Spreading” auf Fibrinogen.

Q)

Y}
o
[+
o
-
L
o

-~ o
=] ]
L
e @

™

&
@

Platelet Kindlin-3 relative to GAPDH

Platelet Talin relative to GAPDH

High affinity Gpilbillla MFI Ratio [AL]

=
=
=
=

E135 E17S Adult E13.5 E17.5 adult E135  E145165 E17.5E195  Adult
Age Age Age

Abb. 10): Integrin-Adaptermolekiile und -Aktivierung in Abhéngigkeit vom Gestationsalter

Die verminderte Fahigkeit zur Thrombozytenrekrutierung in Feten kann durch Transfusion
adulter Plattchen kompensiert werden. So resultierte eine Transfusion adulter Thrombozyten in
E14.5 Feten in einer prompten Plattchenaggregation, wohingegen die Transfusion
altersadaptierter Thrombozyten (E14.5 Spender in E14.5 Empfanger) nur in einem Drittel der
Falle zur Ausbildung eines Thrombus fiihrte.

Die Transfusion adulter Thrombozyten bei thrombozytopenen Frihgeborenen scheint keinen

wesentlichen Einfluss auf den Verschluss eines hamodynamisch relevanten PDA zu haben.

Diskussion

Wie zuvor fiir die Leukozytenrekrutierung demonstriert, offenbart sich ein Reifungsprozess der

Thrombozytenrekrutierung im Verlauf der fetalen Entwicklung. Dabei zeigte sich, dass murine

Feten an frihen Zeitpunkten der Gestation (E13.5) kaum in der Lage sind einen stabilen Thrombus

zu bilden. Die Ergebnisse bestatigen die in vivo-Relevanz friiherer in vitro-Untersuchungen, welche

eine Abhdangigkeit der Thrombozytenfunktion vom Gestationsalter darstellten (Del Vecchio et al.

2008; Levy-Shraga et al. 2006; Bednarek et al. 2009). Interessanterweise ist nicht nur die Fahigkeit

zur Ausbildung eines primaren Thrombus betroffen, sondern auch die Thrombusstabilitat, wie an
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dem ,,Reflow*“-Ph&nomen in E13.5 Feten sichtbar wird. Eine Korrelation der Thrombusstabilitat mit
dem Gestationsalter wurde zuvor fur humane Plattchen in vitro demonstriert (Strauss et al. 2010).
Im Hinblick auf die essentielle Bedeutung von GPIb und dem aypf3-Integrin fir die Adhésion und
Vernetzung von Thrombozyten (Clemetson 2012) erscheint es plausibel, dass die Reduktion von
GPIb und die herabgesetzte F&higkeit zur Integrinaktivierung an der verminderten
Thrombusbildung und -stabilitdt in E13.5 Feten beteiligt sind. Als mdgliche Ursache flr die
verminderte Integrinaktivierung konnte erstmals eine altersabhangige Expression von Kindlin-3,
Talin-1 und Rapl demonstriert werden. Die funktionelle Relevanz dieses Befundes zeigt sich im
verminderten ,,Spreading® fetaler Thrombozyten in vitro, einem Prozess, der entscheidend von fs-
Integrin-vermittelten Signalen nach deren Aktivierung abhangt (Shattil 1999). Daruber hinaus
spielen sicherlich die ausgepragten Unterschiede in der Thrombozytenzahl und mdoglicherweise
auch in Faktoren der plasmatischen Gerinnung eine Rolle. Unter Beruicksichtigung der Ergebnisse
der Transfusionsexperimente ist es aber wahrscheinlich, dass neben der reduzierten Anzahl an
Plattchen auch funktionelle Defizite fiir die Verminderung der Thrombusbildung bei jungen Feten
verantwortlich sind. So resultierte eine Transfusion mit adulten Thrombozyten, nicht jedoch mit
Thrombozyten von E14.5 Spendern (trotz gleicher Anzahl) in einer spontanen Thrombusbildung in
der fetalen Zirkulation. Interessanterweise wurden nach Transfusion adulter Thrombozyten in
adulte Spendertiere (Kontrollversuche) keine spontane Adhéasion und Aggregation der Plattchen
gesehen. Diese Beobachtungen sprechen fiir das Vorliegen von ,,prokoagulatorischen Faktoren im
fetalen Plasma (z.B. erhthte Spiegel an VWF und bergrolRe vVWF-Multimere) moglicherweise als
Kompensation fir die reduzierte Anzahl und Funktionalitat fetaler Thrombozyten, wie es bereits
von Sola Visner und Kollegen postuliert wurde (Ferrer-Marin et al. 2011). Unter diesem Aspekt
sollte die Indikation zur Transfusion adulter Thrombozyten bei extremen Frihgeborenen besonders

kritisch hinterfragt werden.

Zusammengefasst weist die Arbeit eine ontogenetische Regulation der Plattchenfunktion nach.
Diese erscheint unter physiologischen Bedingungen sinnvoll, da Verletzungen in der geschiitzten
Umgebung des Uterus unwahrscheinlich sind, wohingegen eine Thrombose im sich entwickelnden
Fetus fatale Konsequenzen haben kénnte. Im Falle einer Friihgeburt trdgt die Unreife von
Thrombozyten dagegen moglicherweise zu Komplikationen wie intrakranieller Blutung und PDA
bei (Kuperman, Brenner, and Kenet 2013; Echtler et al. 2010). Eine retrospektive Datenanalyse
ergab zwar keinen Hinweis auf einen Vorteil einer Thrombozytentransfusion zum PDA-Verschluss,
allerdings konnten die Ergebnisse durch Faktoren wie Ductusgrofle, Komorbiditaten und
Behandlungszeitpunkt beeinflusst worden sein und mussen daher durch groRere, prospektive
Studien bestatigt werden.
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IV) Teil 3: Veradnderungen der Mikrozirkulation bei Kindern im Rahmen

ausgewahlter Erkrankungen

Wissenschaftlicher Hintergrund

Aufgrund der Bedeutung der Mikrozirkulation fir die Funktion aller Organe und Gewebe des
menschlichen Organismus kénnen Verénderungen derselben zu schwerwiegenden gesundheitlichen
Schéden fuhren. Dabei sind Mikrozirkulationsstérungen oftmals Erkrankungsfolge und -ursache
zugleich (Wiernsperger and Rapin 2012). So fuhren z.B. bei einer unkontrollierten bakteriellen
Infektion Verdnderungen der Mikrozirkulation wie eine Verminderung der funktionellen
GeféaRdichte, ein heterogener Blutfluss, eine gestdrte Endothelfunktion und eine (berschielRende
Leukozyten- und Thrombozytenrekrutierung erst zum klinischen Vollbild einer Sepsis (Colbert and
Schmidt 2016; Ince 2005). Auch verschiedene chronische Krankheitsbilder wie z.B. Diabetes
mellitus, Bluthochdruck und metabolisches Syndrom gehen mit strukturellen und funktionellen
Veranderungen der Mikrozirkulation einher (Gartner and Eigentler 2008; Wiernsperger and Rapin
2012). Diese liegen Krankheits-assoziierten Komplikationen wie z.B. Retinopathie oder
Nephropathie zugrunde und tragen wesentlich zur Morbiditat und Mortalitat der Patienten bei.

Die Mechanismen, welche zu Mikrozirkulationsstérung und Mikroangiopathie flhren, sind
weiterhin nicht vollstdndig geklart. Ein wichtiger Faktor scheint dabei die Entwicklung einer
endothelialen Dysfunktion darzustellen (Colbert and Schmidt 2016; Schalkwijk and Stehouwer
2005). Diese geht strukturellen GeféRveranderungen voraus und lasst sich bereits im Kindesalter bei
Patienten mit Diabetes mellitus und Adipositas nachweisen (Khan et al. 2000; Mahmud et al. 2008).
Bei der Pathogenese scheinen Faktoren wie Hyperlipiddmie, Hyperglykamie, arterielle
Hypertension und chronische Inflammation eine wichtige Rolle zu spielen. Diese begunstigen die
Entwicklung einer endothelialen Dysfunktion u.a. durch vermehrte Produktion wvon
Sauerstoffradikalen, vasoaktiven Substanzen und pro-inflammatorischen Mediatoren wie
Tumornekrosefaktor oder sog. advanced glycation endproducts (AGESs) (Hink et al. 2001). Zudem
ist in den letzten Jahren die endotheliale Glykokalyx als Ausgangspunkt einer endothelialen
Dysfunktion in den Fokus wissenschaftlicher Untersuchungen gerickt (Rabelink and de Zeeuw
2015; Salmon and Satchell 2012).

Die Glykokalyx ist eine kohlenhydratreiche Schicht, welche das Lumen des gesamten
GeféaBRsystems auskleidet und von entscheidender Bedeutung fur die vaskuldre Integritat ist
(Abb.11) (Reitsma et al. 2007). Der endothelnahe Anteil wird von Proteoglykanen (z.B. Syndecan,
Glypican) und Glykoproteinen (diverse Zelladhdsionsmolekule) gebildet, welche fest im Endothel
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verankert sind und das ,,Ruckgrat® der Glykokalyx formen. Die Glykoproteine besitzen lange
Glykosaminoglykan (GAG)-Seitenketten (z.B. Heparansulfat) und bilden zusammen mit den
Glykoproteinen ein dreidimensionales Netzwerk, an welches sich 16sliche Plasmaproteine und
GAGs anlagern (Abb. 11). Diese weiter luminal befindliche Schicht steht in einem dynamischen

Gleichgewicht mit dem Blutfluss und ist standigen Auf-und Abbauprozessen unterworfen, wodurch

sich die Dicke und Zusammensetzung andern (Reitsma et al. 2007).
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Abb. 11): Schematische Darstellung der endothelialen Glykokalyx (Reitsma et al. 2007)
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Die Glykokalyx und assoziierte l6sliche Plasmaproteine bilden zusammen den sog. endothelial
surface layer (ESL), eine Oberflachenschicht, die eine Dicke von mehreren Mikrometern erreichen
kann. An der Grenze zwischen dem Blut und dem Endothel ist sie ein wichtiger Regulator
verschiedener Gefal3funktionen. So bestimmt sie die Permeabilitat der Gefallwand, beeinflusst die
rheologischen Eigenschaften der Mikrozirkulation, fungiert als Sensor fur Schubspannung und bt
antiadhasive und vaskuloprotektive Effekte aus (Nieuwdorp et al. 2005). Strukturelle
Veranderungen bzw. ein Abbau (sog. shedding) der Glykokalyx fiihren zu einer erhdhten
GeféaBpermeabilitdt mit Durchlassigkeit fir Makromolekile, einer gestorten Endothel-abh&ngigen
Reaktion auf Veranderungen des Blutflusses, sowie einer vermehrten Adhésion von Leukozyten
und Thrombozyten (Chappell, Westphal, and Jacob 2009; Nieuwdorp, van Haeften, et al. 2006;

Perrin, Harper, and Bates 2007). Bei kritisch kranken Patienten wurde gezeigt, dass das Ausmaf der
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Glykokalyxsch&digung mit der Schwere der Erkrankung und der Mortalitat korreliert (Donati et al.
2013; Nelson et al. 2008).

Dank neuer Videomikroskopie-Techniken wie z.B. OPS (Orthogonal Polarization Spectral) oder
SDF (Sidestream Dark Field) -Imaging ist eine bessere Visualisierung der Mikrozirkulation in vivo
maoglich geworden (De Backer et al. 2010). Wahrend bei Erwachsenen eine ausreichende
Bildqualitat nur an nicht-epithelialisierten Geweben (z.B. sublinguale Mikrozirkulation) erreicht
werden kann, sind bei Kindern im Sduglingsalter und insbesondere bei friih- und reifgeborenen
Neonaten auch Messungen der Hautmikrozirkulation moéglich (Genzel-Boroviczeny et al. 2002;
Kroth et al. 2008). Mit Hilfe dieser Techniken konnen pathologische Verénderungen der
Mikrozirkulation im Rahmen von Erkrankungen unmittelbar sichtbar gemacht und quantifiziert
werden. Sie eignen sich damit auch zur Uberwachung und Evaluation von Therapien (Boerma et al.
2010; den Uil et al. 2009; Koopmans et al. 2015) und fir ein mdgliches Monitoring zur frihzeitigen
Detektion von Erkrankungen (Weidlich et al. 2009) oder zur Abschétzung der Prognose (De Backer
et al. 2013; Sakr et al. 2004; Trzeciak et al. 2007).

Die meisten der hier angeflihrten Studien wurden an Erwachsenen durchgefiihrt. Da der kindliche
Organismus jedoch eine eigene (Patho-)Physiologie besitzt, welche sich meist deutlich von der des
Erwachsenen unterscheidet, kénnen Studienergebnisse, die an adulten Probanden bzw. Patienten
erhoben wurden, nicht ohne weiteres auf Kinder Ubertragen werden. Zudem ist bekannt, dass
chronische vaskulére Veranderungen haufig schon im Kindesalter ihren Ausgang nehmen (Kavey et
al. 2006). Um ein genaueres Verstdndnis der Prozesse zu erlagen, welche bei Kindern zur
Entstehung von akuten und chronischen Stérungen der Mikrozirkulation flihren, ist es daher
notwendig entsprechende Untersuchungen in diesem Patientengut durchzufuhren. Im Folgenden
werden Arbeiten des Habilitationsprojektes vorgestellt, die sich mit solchen Untersuchungen bei
padiatrischen Patientengruppen mit erhdhtem Risiko fur das Auftreten von Mikrozirkulations-

stérungen befassen.
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IVa) Early microvascular changes with loss of the glycocalyx in children with type 1 diabetes.

(Nussbaum C. et al., J Pediatr 2014; 164(3):584-9)

Einleitung und Zielsetzung

Typ 1 Diabetes mellitus (T1DM) gehort zu den h&ufigsten chronischen Erkrankungen im
Kindesalter und zeigt eine steigende Inzidenz. Schatzungen zufolge wird sich die Anzahl an TIDM
Féllen bei Kindern unter 5 Jahren zwischen 2005 und 2020 verdoppeln (Patterson et al. 2009). Die
Prognose von Patienten mit TLDM héangt von der Entwicklung vaskuldrer Folgeerkrankungen wie
Nephropathie, Retinopathie und kardiovaskuldren Erkrankungen ab, welche zu erheblicher
Morbiditat und friihzeitiger Mortalitat fihren (Daneman 2006). Folglich stellen die Pravention und
die friihzeitige Detektion vaskularer Komplikationen einen zentralen Aspekt bei der medizinischen

Versorgung der Patienten dar.

Die Pathogenese der diabetischen Mikroangiopathie ist weiterhin nur unvollstdndig geklart, wie
aber im wissenschaftlichen Hintergrund dargestellt, scheint die Entwicklung einer endothelialen
Dysfunktion eine wesentliche Rolle zu spielen (Schalkwijk and Stehouwer 2005) (s. Abschnitt 1V,
S. 29). Einige Arbeiten konnten zeigen, dass endothelabhéngige Gefalifunktionen bei Kindern und
Jugendlichen mit T1IDM bereits gestort sind, wenn es noch keine Klinischen Anzeichen fir
vaskuldre Komplikationen gibt (Babar et al. 2011; Khan et al. 2000). Dementsprechend wurden
erhdhte Spiegel von ICAM-1, E-Selektin und VWF als Marker fiir eine Beeintrachtigung des
Endothels bei Kindern mit TIDM nachgewiesen (Elhadd et al. 1999). Wie bereits erwahnt, sind die
Mechanismen, die zu endothelialer Dysfunktion fuhren, multifaktoriell (Hink et al. 2001), wobei im
Falle von Diabetes mellitus Hyperglykamie sicherlich ein zentraler Faktor ist (The Diabetes Control
and Complications Trial Research Group 1993). In den letzten Jahren wurde die endotheliale
Glykokalyx als mdgliches Ziel einer hyperglykdmischen vaskuldren Schadigung identifiziert
(Salmon and Satchell 2012). So verursachten erhéhte Blutzuckerspiegel eine Stérung der
Glykokalyx, die zu endothelialer Dysfunktion bei Erwachsenen und zu einer erh6hten Permeabilitét
der Mikrozirkulation fuhrte (Brower et al. 2010; Nieuwdorp, van Haeften, et al. 2006). Zudem
wurden bei adulten Patienten mit TIDM erhohte zirkulierende Spiegel von Hyaluronsdure, einem
wesentlichen Bestandteil der Glykokalyx, im Blut gemessen, was mit einem hoheren Risiko fir
praarteriosklerotische GefaRveranderungen einherging (Nieuwdorp et al. 2007). Mittels neuer
Videomikroskopie-Techniken (s. Abschnitt 1V, S. 31) ist es sogar moglich, Verdnderungen der
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Glykokalyxdicke bei Diabetespatienten auf mikrovaskulérer Ebene zu quantifizieren (Nieuwdorp,
Mooij, et al. 2006).

Bislang ist unklar, ob derartige Veranderungen der Glykokalyx bei Patienten mit TIDM bereits im
Kindesalter auftreten. Ziel der vorliegenden Studie war es daher, die Mikrozirkulation und die
mikrovaskuldre Glykokalyx bei Kindern mit TIDM und bei gesunden Kontrollkindern zu

untersuchen.
Ergebnisse:

Die sublinguale Mikrozirkulation wurde bei 14 Kindern mit TIDM und 14 gesunden Kontrollen
mittels Sidestream Dark Field (SDF)-Imaging untersucht. Patienten und Kontrollen unterschieden
sich nicht signifikant hinsichtlich Geschlecht, Alter, Blutdruck, Body Mass Index (BMI) und
Hé&matokrit. Die Blutzuckerspiegel und die Leukozytenzahl waren bei Kindern mit T1DM
signifikant erhoht gegentber der Kontrollgruppe. Bei keinem der Patienten lag in den

Routineuntersuchungen eine Mikroalbuminurie oder eine Retinopathie vor.
Die Messungen ergaben folgende Ergebnisse:

1) Kinder mit T1DM zeigen Verénderungen der GefdRarchitektur in der sublingualen
Mikrozirkulation. Wéhrend die GefaRdichte und der mikrozirkulatorische Blutfluss zwischen
den Gruppen vergleichbar waren, zeigte sich bei Kindern mit TILDM ein signifikant erhéhter
Anteil grolRer Gefdlle (> 20 um Durchmesser) auf Kosten der Kapillaren (< 10 pum) (Abb.
12A). Hieraus resultierte eine signifikant héhere GefalRabdeckung pro Bildausschnitt (vessel
surface coverage) bei diabetischen Kindern im Vergleich zu Kontrollen (Abb. 12B).

2) Kinder mit TIDM zeigen eine Storung der mikrovaskularen Glykokalyx. So war die
Glykokalyxdicke bei diabetischen Kindern signifikant reduziert gegenuber Kontrollen (Abb.
12C). Zudem wurde eine inverse Korrelation der Glykokalyxdicke mit dem Blutzuckerspiegel
beobachtet (Abb. 12D). Es bestand keine Korrelation der Glykokalyxdicke mit dem HbAlc-
Wert, der BMI, der Diabetesdauer, dem Alter und dem Blutdruck.
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Abb. 12): Veranderung der sublingualen Mikrozirkulation und der Glykokalyx bei Kindern mit
T1DM. A) Prozentuale Verteilung der GefalRdurchmesser. B) Prozentuale GefaRabdeckung (= Anteil des
Bildausschnitts, der mit GefalRen bedeckt ist). C) Dicke der Glykokalyx in sublingualen Gefaen < 10 um.
D) Korrelation der Glykokalyxdicke mit den Blutzuckerspiegeln (Pearson Korrelation: r = -0.55, p = 0.003)

Diskussion:

Die Studie liefert Einsicht in mikrovaskuldre Veranderungen bei Kindern mit Diabetes mellitus. Ein
wesentlicher Befund war hierbei der Nachweis einer Glykokalyxschadigung mit einer Reduktion
der mikrovaskuléren Glykokalyxdicke um 36% gegeniiber gesunden Kindern. Diese Beobachtung
stimmt mit friheren Berichten zu erwachsenen Diabetikern berein, welche einen Verlust der
sublingualen Glykokalyx von 18-44% beobachteten (Broekhuizen et al. 2010; Nieuwdorp, Mooij, et
al. 2006). Interessanterweise korrelierte die Glykokalyxdicke invers mit dem Blutzuckerspiegel.
Experimentelle Untersuchungen konnten zeigen, dass selbst eine kurzfristige Erhéhung der
Blutzuckerspiegel in pathologische Bereiche zu einem akuten Abbau der Glykokalyx fiihrt
(Nieuwdorp, van Haeften, et al. 2006; Zuurbier et al. 2005). Die Ergebnisse stlitzten somit die Idee,
dass die endotheliale Glykokalyx direktes Ziel einer hyperglykédmischen vaskuldren Schadigung ist.
Dies konnte schwerwiegende Konsequenzen nach sich ziehen, da eine Schadigung der Glykokalyx
in direkten Zusammenhang mit der Entstehung einer Mikroalbuminurie als Marker flr eine
diabetische Nephropathie gebracht wurde (Nieuwdorp, Mooij, et al. 2006; Rabelink and de Zeeuw
2015).

Mdogliche Mechanismen der Glykokalyxschédigung im Rahmen von Hyperglykdmie sind u.a. eine

gesteigerte Produktion reaktiver Sauerstoffspezies (ROS) sowie die Aktivierung von Enzymen,
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welche die Glykokalyx abbauen (z.B. Hyaluronidase) (Brownlee 2001; Nieuwdorp, Mooij, et al.
2006). Hyperglykdmie und oxidativer Stress induzieren auch die Produktion sog. advanced
glycation endproducts (AGEs) und anderer inflammatorisch wirksamer Mediatoren (Pahwa,
Nallasamy, and Jialal 2016) im Sinne der Vorstellung, dass Diabetes einen Zustand chronischer
Inflammation darstellt (Llaurado et al. 2012). Dies konnte moglicherweise die erhohte
Leukozytenzahl bei Kindern mit TIDM erklaren.

Ein weiteres Untersuchungsergebnis ist der Nachweis einer Veranderung der Geféalarchitektur in
der sublingualen Mikrozirkulation mit einer Umverteilung der GefalRdurchmesser zugunsten
groRerer Geféle. Eine tierexperimentelle Studie an diabetischen Mé&usen hat bereits in einem friihen
Krankheitsstadium &hnliche Veranderungen mit einer Zunahme groRerer GeféBe und einer
signifikanten Abnahme der Kapillaren gezeigt (sog. capillary rarefication) (Algenstaedt et al. 2003).
Diese Verdnderungen sind insofern relevant, da der Gas- und Néhrstoffaustausch im Gewebe in den
Kapillaren stattfindet (s. Abschnitt 1, S.4). Eine fortschreitende Reduktion der Kapillaren fuhrt
somit letztlich zur Gewebshypoxie (Pittman 2005).

Zusammenfassend belegen die Untersuchungen, dass Kinder mit TIDM bereits vor Auftreten
sichtbarer vaskuldrer Komplikationen wie Nephropathie oder Retinopathie strukturelle
Veranderungen der Mikrozirkulation aufweisen, welche mit der Entstehung von endothelialer
Dysfunktion und Mikroangiopathie in Verbindung gebracht wurden. Obwohl sich die
Untersuchungen auf die sublingualen GeféRe beschranken, erscheint es plausibel, dass die
Ergebnisse auf andere Organe (bertragbar sind, da sich erhéhte Blutzuckerspiegel auf den gesamten
Organismus auswirken sollten. Die sublinguale Mikrozirkulation konnte sich daher als
Monitoringparameter eignen zur Identifikation von Patienten mit erhohtem Risiko fiir die
Entwicklung einer Vaskulopathie. Die Glykokalyx als friihes Ziel einer Diabetes-induzierten
Schédigung stellt einen moglichen Ansatzpunkt fir die Entwicklung neuer Therapiestrategien zur
Préavention vaskulérer Komplikationen dar. So wurde z.B. ein positiver Effekt einer Therapie mit
Sulodexid, einem natlrlich vorkommenden Glykosaminoglykan, auf den Grad der
Mikroalbuminurie als Ausdruck einer Glykokalyxschadigung in den Glomerula bei Erwachsenen
mit Diabetes mellitus beschrieben (Broekhuizen et al. 2010; Gambaro et al. 2002). Inwieweit und
unter welchen Umstanden derartige Strategien, welche auf eine Protektion bzw. eine Regeneration
der Glykokalyx abzielen, eine wirklichen therapeutischen Nutzen haben und ob dies auch bei
Kindern zutrifft, ist jedoch derzeit noch unklar und bedarf weiterer, gro angelegter klinischer
Studien.
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IVb) Perturbation of the microvascular glycocalyx and perfusion in infants after
cardiopulmonary bypass.

(Nussbaum C. et al., J Thorac Cardiovasc Surg 2015; 150(6):1474-81)

Einleitung und Zielsetzung:

Die Bedeutung der endothelialen Glykokalyx fur die vaskulare Integritat und Homdostase wurden
bereits im wissenschaftlichen Hintergrund dargelegt (s. Abschnitt VI, S. 28-30). Interessanterweise
werden bei Kindern mit angeborenen Herzfehlern nach Operationen an der Herz-Lungen-Maschine
(HLM) Veranderungen beobachtet, welche auch nach einer Schadigung bzw. einem Verlust der
Glykokalyx auftreten. Hierzu zahlt z.B. eine gestorte Permeabilititsbarriere mit Entstehung
generalisierter Odeme (Kapillarlecksyndrom) sowie eine systemische inflammatorische Reaktion
mit Aktivierung des Endothels und vermehrter Rekrutierung von Leukozyten und Thrombozyten
(Ignjatovic et al. 2012; Kubicki et al. 2013; Stiller et al. 2001). Diese Verénderungen kénnen zu
Organdysfunktion fihren und den postoperativen Verlauf und das Outcome der Patienten negativ
beeinflussen. So wurde beispielsweise gezeigt, dass Kinder mit ausgepragtem Kapillarlecksyndrom
einen langeren Katecholaminbedarf haben als Kinder, die nur eine geringe Odembildung aufweisen
(Neuhof et al. 2003). Bei der Entstehung HLM-assoziierter Komplikationen konnte also eine
Beeintrachtigung der Glykokalyx eine kausale Rolle spielen. In diesem Sinn konnte in einer
Vorarbeit gezeigt werden, dass Kinder, die sich einer Herzoperation an der HLM unterziehen,
erhdhte Spiegel von Hyaluronsdure und Syndecan-1, zwei wesentlichen Bestandteilen der
Glykokalyx, im Blut aufweisen, welche mit dem Ausmal} der ischdmischen Belastung korrelierten
(Bruegger et al. 2015). Diese Studie und vergleichbare Studien an erwachsenen Patienten (Rehm et
al. 2007) sind ein indirekter Beleg daftr, dass es im Rahmen der Herz-Lungen-Maschine zu einem
Shedding der Glykokalyx kommt. Inwiefern es sich hierbei um ein lokal begrenztes Phdnomen
handelt, welches sich primér auf die Organe beschrénkt, die wahrend der HLM einer Ischdmie
ausgesetzt waren, oder um globale Verédnderungen kann anhand der Studien nicht hinreichend
beantwortet werden. Ebenso wenig erlauben die Untersuchungen einen Rickschluss auf den

Zustand der Glykokalyx auf EinzelgefaRbasis.

Aus diesem Grund war es das Ziel dieser Studie zu untersuchen, wie sich Operationen an der HLM
bei Kindern mit angeborenen Herzfehlern auf die Mikrozirkulation und die mikrovaskulare
Glykokalyx auswirken und inwieweit mogliche Veranderungen mit dem postoperativen Outcome

der Kinder korrelieren.
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Ergebnisse:

Die Messungen erfolgten an der Ohrmuschel mittels SDF-Imaging und speziellen
Softwareprogrammen zur Quantifizierung von Parametern der Mikrozirkulation sowie der
mikrovaskuldren Glykokalyx. Insgesamt wurden 36 Kinder mit angeborenem Herzfehler und
Operation an der HLM an vier Zeitpunkten untersucht (TO: prdoperativ, T1: unmittelbar
postoperativ, T2: 24h postoperativ und T3: 7d postoperativ). Als Kontrollen dienten Kinder, die
sich kleineren herzchirurgischen Eingriffen ohne HLM unterzogen (n = 4), Kinder vor und nach
diagnostischem Herzkatheter (n = 6) und Kinder vor und nach operativem Verschluss einer Lippen-
Kiefer-Gaumenspalte (n = 9). Die Gruppen unterschieden sich nicht signifikant in Alter, Gewicht
und Geschlecht. Das postoperative Outcome wurde anhand der Entwicklung eines
Kapillarlecksyndroms sowie dem postoperativem Beatmungs- und Katecholaminbedarf beurteilt.

Die Messungen lieferten zusammengefasst folgende Ergebnisse:

1) Nach Operation an der HLM kommt es voriibergehend zu einer signifikanten Zunahme der sog.
Perfused Boundary Region (PBR) als Surrogat fiir die Glykokalyxdicke, entsprechend einem
Glykokalyxverlust von ~190 nm. Im Gegensatz dazu zeigten die Kontrollgruppen keine
Veranderung der PBR (Abb. 13 A,B)

2) Der Glykokalyxverlust besteht auch bei Kindern, die einen Eingriff an der HLM ohne
Unterbrechung des Kreislaufs erhielten (sog. heart beating Kondition) und somit keiner

Organischdmie ausgesetzt waren (Abb. 13 C)
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Abb. 13): Auswirkung der Herz-Lungen-Maschine auf die Glykokalyx. Als Surrogat fir die
Glykokalyxdicke wurde die Perfused Boundary Region (PBR) gemessen. Eine Zunahme der PBR entspricht
einem Abbau der funktionellen Glykokalyx. A) PBR-Verlauf bei allen Kindern mit Operationen an der HLM
(= CPB; cardiopulmonary bypass). B) pré- und postoperative PBR in den Kontrollgruppen. C) HLM-
Subgruppenanalyse. In grin sind Kinder mit HLM ohne Kreislaufunterbrechung (CPB), in blau Kinder mit
HLM und Abklemmen der Aorta (CPB + AC) dargestellt. * p < 0.05
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3) Nach Operationen an der HLM kommt es zu einer akuten, signifikanten Reduktion des
mikrozirkulatorischen Flussindex und der Dichte perfundierter GefaRe, welche invers mit der
HLM-Dauer und dem Ausmal} der Ischdmie korreliert. Kinder mit herzchirurgischen Eingriffen
ohne HLM wiesen eine &hnliche Tendenz auf, wéahrend in den anderen Kontrollgruppen keine
Veranderungen beobachtet wurden.

4) Der postoperative Beatmungs- und Katecholaminbedarf korreliert mit der HLM-Dauer, es
besteht aber kein signifikanter Zusammenhang mit der Perfused Boundary Region oder
Parametern der mikrozirkulatorischen Perfusion. Bei insgesamt geringer Rate eines relevanten
Kapillarlecksyndroms (n = 4) war eine diesbezligliche Stratifizierung der experimentellen Daten

nicht maoglich.

Diskussion:

Die Arbeit zeigt erstmalig eine akute Reduktion der endothelialen Glykokalyx und der
mikrozirkulatorischen Perfusion auf Einzelgefal3basis bei Kindern nach Operationen an der Herz-
Lungen-Maschine. Die Ergebnisse bestdtigen und erweitern frihere Studien, welche indirekte
Hinweise auf eine HLM-assoziierte Schadigung der Glykokalyx lieferten (Bruegger et al. 2015;
Rehm et al. 2007). Bisherige Daten deuteten darauf hin, dass Ischdmie/Reperfusion die wesentliche
Ursache fiir die HLM-assoziierte Glykokalyxschadigung ist (Bruegger et al. 2015). Dagegen
demonstrieren die aktuellen Messungen, dass es auch in Regionen (Ohrmuschel), die nicht
unmittelbar einer Ischamie wéhrend der HLM ausgesetzt sind, zu einem Abbau der Glykokalyx
kommt. Somit scheint es sich -zumindest teilweise- um ein systemisches Phanomen zu handeln, das
nicht alleine durch Ischdmie/Reperfusion erklart werden kann. Mdogliche Faktoren, die zur
Glykokalyxschadigung beitragen, sind der Kontakt mit Fremdoberflachen, verdnderte
Blutflussbedingungen und die Manipulation der groRen GefaRRe wéhrend der HLM (Bruegger et al.
2011; Murphy and Angelini 2004). Zudem zeigt der Vergleich von Erwachsenen, die eine Bypass-
Operation mit und ohne HLM erhielten, dass der Eingriff selbst zu einer Schéadigung der
Glykokalyx fiihren kann (Bruegger et al. 2011; Svennevig et al. 2008; Bruegger et al. 2009). Ein
solcher Vergleich ist bei Kindern unmaglich, da die operative Versorgung angeborener Herzfehler
fast immer den Einsatz einer HLM benétigt. Die Analyse von vier Kindern mit kleineren
herzchirurgischen Eingriffen ohne HLM zeigte keine signifikante Beeintrachtigung der Glykokalyx,
allerdings ist die Aussagekraft der Daten aufgrund der kleinen Fallzahl und der unterschiedlichen
Operationstechniken deutlich eingeschrénkt.

Der Nachweis einer akuten Verminderung der mikrozirkulatorischen Perfusion nach HLM stimmt

mit Berichten von erwachsenen Patienten Uberein, welche eine transiente Reduktion der

37



Durchblutung in der sublingualen Mikrozirkulation wahrend und nach der HLM darstellten (De
Backer et al. 2013; Koning et al. 2014). Interessanterweise war in der vorliegenden Arbeit das
Ausmal der Perfusionsminderung abhangig vom HLM-Protokoll, wobei Kinder mit HLM und
hypothermem Kreislaufstillstand die starkste Beeintrachtigung zeigten und Kinder mit HLM unter
sog. heart beating Konditionen die geringste. Hierfir konnten neben der unterschiedlichen
ischamischen Belastung und Temperaturunterschieden auch verdnderte Blutflussbedingungen
verantwortlich sein. So bleibt bei ,,heart beating* Konditionen ein pulsatiler Fluss erhalten, wahrend
bei Operationen, in denen die Aorta abgeklemmt wird, ein kontinuierliches Flussmuster von der
HLM erzeugt wird. Studien, welche eine pulsatile vs. kontinuierliche HLM verglichen, zeigten,
dass die mikrovaskulére Perfusion unter pulsatilem Fluss signifikant und nachhaltig verbessert war
(Koning et al. 2012; O'Neil et al. 2012).

Die Relevanz dieser Ergebnisse zeigt sich bei Patienten mit Sepsis und kardiogenem Schock, bei
denen eine gestorte Perfusion der Mikrozirkulation mit dem Auftreten von Organdysfunktion und
Mortalitat korrelierte (De Backer et al. 2004; Trzeciak et al. 2007). Obwohl in der vorliegenden
Arbeit keine Korrelation der experimentellen Daten mit Parametern des klinischen Outcome wie
Katecholamin- oder Beatmungsbedarf bestand, ist ein Zusammenhang nicht ausgeschlossen, da die
Rate von Komplikationen in der untersuchten Kohorte insgesamt niedrig war und somit fur diese
Fragestellung keine ausreichende statistische Teststarke bestand. Zur Klérung eines kausalen
Zusammenhangs zwischen Verénderungen der Mikrozirkulation und der Entstehung postoperativer
Komplikationen sind daher grélier angelegte Studien notwendig.

Zusammenfassend zeigen die Untersuchungen, dass ein Nachweis akuter HLM-assoziierter
Veranderungen der Mikrozirkulation und der mikrovaskuldren Glykokalyx mittels SDF-Imaging
ohne wesentliche Belastung der Kinder mdglich ist. Erst kurzlich wurden diese Ergebnisse auch flr
erwachsene Patienten reproduziert (Koning et al. 2016). Ein Monitoring der Mikrozirkulation
konnte somit einen vielversprechenden Ansatz darstellen zur postoperativen Uberwachung und zur
Evaluation von Therapiestrategien, welche auf die Reduktion von Komplikationen nach HLM

abzielen.
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V) Zusammenfassung und Ausblick

Das vorliegende Habilitationsprojekt beschéftigt sich mit Studien zu verschiedenen Aspekten der
Mikrozirkulation im Rahmen von Entziindung, Entwicklung und Erkrankung. Hierbei wurden drei
Themenkomplexe bearbeitet: i) grundlegende Mechanismen, welche die Rekrutierung von
Leukozyten im Rahmen inflammatorischer Prozesse steuern ii) Regulation der Rekrutierung von
Leukozyten und Thrombozyten im Verlauf der fetalen Entwicklung und iii) Veranderungen der
Mikrozirkulation bei Kindern im Rahmen ausgewahlter Krankheiten. Grundlage fur die Arbeit ist
das zunehmende Wissen um die essentielle Bedeutung der Mikrozirkulation fir die Funktion des
gesamten Organismus und damit einhergehend die Rolle von Stérungen der Mikrozirkulation bei

der Krankheitsentstehung.

Eine wesentliche Funktion der Mikrozirkulation ist die Gewaéhrleistung einer adaquaten
Immunantwort. Hierzu ist es notwendig, dass Zellen des Immunsystems aus dem GeféalRsystem in
entzundlich verandertes Gewebe auswandern, um dort ihrer jeweiligen Funktion nachzugehen.
Dieser als Leukozytenrekrutierung bezeichnete Prozess ist hoch komplex und wird durch unzéhlige
Faktoren beeinflusst und reguliert, die nach wie vor nur unvollstandig verstanden werden. Ziel der
Untersuchungen im ersten Themenkomplex war es daher weitere Erkenntnisse iber die Regulation
der Leukozytenrekrutierung in vivo zu erlangen. Zu diesem Zweck wurden die einzelnen Schritte
der Rekrutierungskaskade im murinen Modell unter Einsatz genverénderter Tiere sowie
verschiedener pharmakologischer Substanzen untersucht und durch in vitro Analysen ergéanzt.
Anhand dieser Untersuchungen konnte eine bislang unbekannte Funktion des Enzyms
Myeloperoxidase (MPQO) bei der Rekrutierung neutrophiler Granulozyten nachgewiesen werden. So
zeigte sich, dass MPO die Adhdasion von Granulozyten an der Gefalwand und die gerichtete
(Trans-) Migration fordert, indem es die repulsiven Krafte zwischen Endothel und Zelloberflache
vermindert. Dieser Effekt konnte auf die stark kationische Ladung von MPO zurlickgefiihrt werden
und war unabhédngig von dessen katalytischer Aktivitat. Die Ergebnisse verleihen MPO eine neue
Bedeutung im Rahmen der angeborenen Immunantworten, indem es die Rekrutierung von
Granulozyten und vermutlich auch anderer Immunzellen erleichtert und potenziert. Wéhrend dieser
Mechanismus bei der Abwehr pathogener Erreger sinnvoll erscheint, kénnte er durch Unterhaltung
einer inflammatorischen Reaktion auch zur Pathogenese entziindlicher Erkrankungen beitragen.
Somit liefern die Ergebnisse Impulse fur die Entwicklung neuer anti-inflammatorischer
Therapiestrategien. In einer weiteren Studie wurde die Bedeutung des Lipidmediators Sphingosin-
1-Phosphat (S1P) flr das Leukozytenrollen genauer untersucht. Bislang war bekannt, dass S1P ein

wichtiger Regulator des Immunsystems ist und dieses auf vielfache Weise beeinflusst. Die Daten
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zur Rolle von S1P und seinen Rezeptoren im Rahmen der Rekrutierung von Zellen der angeborenen
Immunitat sind jedoch widersprichlich. Die vorliegende Arbeit konnte zeigen, dass S1P das P-
Selektin abhangige Rollen von neutrophilen Granulozyten in vivo Uber verschiedene Rezeptoren
differentiell reguliert. Hierbei bewirkt es sowohl direkt als auch indirekt als Mediator anderer Roll-
Agonisten Uber den S1P-Rezeptor Typ 3 eine rasche P-Selektin Mobilisation aus Endothelzellen
und induziert so Rollen. In diesem Zusammenhang wurde ein neuer CAMP-abhéngiger Signalweg
identifiziert, welcher Gber Aktivierung der Sphingosinkinase 1 und Bildung von S1P zur raschen
Freisetzung von P-Selektin fuhrt. Im Gegensatz dazu entfaltet S1P (ber den S1P-Rezeptor Typ 1
eine hemmende Wirkung auf das Rollen. Diese Befunde verdeutlichen die Komplexitat der
Immunregulation durch S1P und bieten eine mogliche Erklarung fir die kontroversen Ergebnisse
friherer Studien. Zusammengefasst liefern die dargestellten Arbeiten somit neue Erkenntnisse zu

den vielschichtigen Mechanismen und Regulatoren der Leukozytenrekrutierung in vivo.

Der zweite Teil des Habilitationsprojektes beschéftigt sich mit der Rekrutierung von Leukozyten
und Thrombozyten im Rahmen der fetalen Entwicklung. Anlass fir die Untersuchungen ist die
Tatsache, dass das bisherige Wissen (ber diese Prozesse fast ausschlief3lich aus Untersuchungen am
adulten Organismus stammt, wahrend bislang nur sehr wenig Uber die Situation im sich
entwickelnden Fetus und Neugeborenen bekannt ist. Um dieser Frage nachzugehen wurden
statische und dynamische Untersuchungen humaner Granulozyten und Endothelzellen aus dem
Nabelschnurblut von frith- und reifgeborenen Neonaten, sowie in vivo Untersuchungen an einem
neuartigen Modell zur intravitalmikroskopischen Analyse der murinen fetalen Mikrozirkulation
durchgefuhrt. Anhand dieser Untersuchungen wurde demonstriert, dass die Fahigkeit zur
Rekrutierung neutrophiler Granulozyten bei humanen Neonaten einem ontogenetischen
Reifungsprozess unterliegt und bei extrem Frihgeborenen massiv herabgesetzt ist, wobei selbst
Reifgeborene nicht das Niveau von Erwachsenen erreichen. Hierbei konnten sowohl funktionelle
Defizite der Granulozyten als auch der Endothelzellen aufgezeigt werden. Die in vivo-Giltigkeit
dieser Ergebnisse wurde im murinen fetalen Modell bestatig. Die Arbeit tragt somit zum besseren
Verstandnis der ontogenetischen Regulation angeborener Immunfunktionen bei als Grundlage fir
die Entwicklung innovativer Therapieansidtze zur Behandlung und Pravention neonataler
Infektionen. Dies ist insbesondere im Hinblick auf die steigenden Uberlebenschancen immer
unreiferer Frihgeborener, welche in hochstem MaRe von lebensbedrohlichen Infektionen gefahrdet
sind, von groBer klinischer Bedeutung. Neben der funktionellen Reifung der
Leukozytenrekrutierung im Verlauf der fetalen Entwicklung konnte in einer nachfolgenden Studie
auch ein ontogenetischer Reifungsprozess der Thrombozytenrekrutierung aufgezeigt werden.
Hierbei wurde erstmalig in vivo gezeigt, dass die adhésive und aggregatorische Kapazitat fetaler
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Thrombozyten vom Gestationsalter abhangt, wobei die Fahigkeit zur Ausbildung eines stabilen
Thrombus erst gegen Ende der Gestation erworben wird. Urséchlich hierfir scheinen sowohl
quantitative als auch qualitative Verdnderungen fetaler Thrombozyten zu sein. Zuséatzliche
Transfusionsexperimente weisen darauf hin, dass diese Veranderungen durch Einbringen adulter
Thrombozyten in den fetalen Kreislauf kompensiert werden kénnen. Die Indikation zur Transfusion
adulter Thrombozyten, insbesondere bei extremen Friihgeborenen, sollte jedoch kritisch gepriift
werden, da es Hinweise auf eine vermehrte Aktivierung und Aggregation adulter Thrombozyten
durch fetales Plasma gibt.

Wie auch bei der Leukozytenrekrutierung erlangen diese Ergebnisse insbesondere im Rahmen von
Frihgeburtlichkeit klinische Relevanz. In diesem Zusammenhang wurde berichtet, dass
Thrombozyten eine funktionelle Rolle beim postnatalen Verschluss des Ductus arteriosus spielen.
Die Persistenz des Ductus arteriosus (PDA) ist eine typische Komplikation bei Friihgeborenen und
korreliert invers mit dem Gestationsalter. Basierend auf den Ergebnissen der
Transfusionsexperimente wurde daher in einer retrospektiven Datenanalyse die Auswirkung einer
Thrombozytentransfusion bei Friihgeborenen mit Thrombozytopenie und PDA untersucht. Diese
ergab jedoch keinen Hinweis auf einen positiven Effekt einer Thrombozytentransfusion auf die
medikamentdse Verschlussrate eines PDA, so dass die Rolle von Plattchen in diesem Prozess
kontrovers bleibt. Die Ergebnisse missen aber aufgrund einer mdglichen Beeinflussung durch
Faktoren wie die GroRe des PDA, der Zeitpunkt des Therapiebeginns sowie Unterschiede im
Hé&matokrit und maoglicherweise in plasmatischen Gerinnungsfaktoren mit Vorsicht interpretiert
werden. Zur weiteren Klarung der Nutzen und Risiken von Thrombozytentransfusionen bei

Frihgeborenen sind daher groRer angelegte, prospektive Studien notwendig.

Im dritten Teil des Habilitationsprojektes wurden mithilfe von Videomikroskopie-Technik und
spezieller Computerprogramme Verénderungen der Mikrozirkulation bei Kindern mit ausgewahlten
Krankheitsbildern analysiert. Diesen klinisch-experimentellen  Untersuchungen liegt die
Beobachtung zugrunde, dass viele Krankheitsbilder oder Folgeerkrankungen derselben auf
Storungen der Mikrozirkulation beruhen. Dabei wird davon ausgegangen, dass vaskulére
Veranderungen im Rahmen chronischer Erkrankungen haufig schon im Kindesalter ihren Ausgang
nehmen. Studien, die dieser Hypothese nachgehen, sind jedoch selten. Aus diesem Grund wurde in
einer ersten Arbeit die Mikrozirkulation von Kindern mit Typ 1 Diabetes mellitus (T1DM)
untersucht, da hier vaskuldre Folgeerkrankungen im Erwachsenenalter typisch sind. Die
Untersuchungen belegen, dass bereits im Kindesalter bei Patienten mit T1DM messbare
Veranderungen der Mikrozirkulation mit Verlust der endothelialen Glykokalyx und relativer
Verminderung der Anzahl von Kapillaren bestehen. Diese mikroskopischen Veranderungen waren
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bereits zu einem Zeitpunkt nachweisbar, an dem bei den Routine-Screeninguntersuchungen zum
Nachweis einer Mikroangiopathie noch keine auffalligen Befunde vorlagen. Ein
mikrozirkulatorisches Monitoring eignet sich somit maoglicherweise zur friihzeitigeren
Identifikation von Patienten mit hohem Risiko fur vaskuldre Komplikationen. Zudem zeigten die
Untersuchungen eine inverse Korrelation der Glykokalyxdicke mit dem Blutzuckerspiegel und
weisen so auf die pathogenetische Rolle erhéhter Blutzuckerspiegel hin. Die Ergebnisse betonen
somit die Bedeutung von MaRnahmen zur Blutzuckerkontrolle bei Kindern mit T1DM und

identifizieren die endotheliale Glykokalyx als mogliches Ziel préaventiver Therapieansatze.

Verénderungen der Mikrozirkulation treten aber nicht nur bei chronischen Erkrankungen auf,
sondern kennzeichnen auch akute Krankheitszustande wie z.B. eine Sepsis oder einen kardiogenen
Schock. Von Studien an Erwachsenen ist bekannt, dass das Ausmal von
Mikrozirkulationsstérungen direkt mit der Prognose dieser Patienten korreliert. Operationen an der
Herz-Lungen-Maschine (HLM) fihren ebenfalls zu einer akuten Beeintrachtigung der
Mikrozirkulation, wobei vorausgegangene Arbeiten indirekte Hinweise auf eine HLM-assoziierte
Schadigung der endothelialen Glykokalyx ergaben. Um diesem Befund nachzugehen wurden daher
in einer weiteren Studie die Mikrozirkulation und die mikrovaskuldre Glykokalyx von Kindern nach
herzchirurgischen Eingriffen an der HLM untersucht. Hierbei konnten erstmalig auf
mikrovaskul&rer Ebene ein passagerer Abbau der endothelialen Glykokalyx sowie eine Reduktion
der Perfusion bei Kindern nach Operationen an der HLM nachgewiesen werden. Diese
Veranderungen scheinen zumindest zum Teil unabhangig von der ischamischen Belastung wahrend
der Operation zu sein und beruhen moglicherweise auf Faktoren wie dem Kontakt mit
Fremdoberflachen und verénderten Blutflussbedingungen wahrend der HLM. Zukinftige
Forschungsprojekte sollten klaren, inwiefern sich ein Monitoring der Mikrozirkulation eignet zur
Vorhersage postoperativer Komplikationen und zur Uberwachung von Interventionen, welche eine

Reduktion solcher Komplikationen zum Ziel haben.
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Mpyeloperoxidase attracts neutrophils by physical forces
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Recruitment of polymorphonuclear neu-
trophils (PMNs) remains a paramount pre-
requisite in innate immune defense and a
critical cofounder in inflammatory vascu-
lar disease. Neutrophil recruitment com-
prises a cascade of concerted events
allowing for capture, adhesion and extrava-
sation of the leukocyte. Whereas PMN
rolling, binding, and diapedesis are well
characterized, receptor-mediated pro-
cesses, mechanisms attenuating the elec-
trostatic repulsion between the nega-

tively charged glycocalyx of leukocyte
and endothelium remain poorly under-
stood. We provide evidence for myeloper-
oxidase (MPO), an abundant PMN-derived
heme protein, facilitating PMN recruitment
by its positive surface charge. In vitro, MPO
evoked highly directed PMN maotility, which
was solely dependent on electrostatic inter-
actions with the leukocyte’s surface. In vivo,
PMN recruitment was shown to be MPO-
dependent in a model of hepatic ischemia
and reperfusion, upon intraportal delivery of

MPO and in the cremaster muscle exposed
to local inflammation or to intraarterial MPO
application. Given MPO’s affinity to both the
endothelial and the leukocyte’s surface, MPO
evolves as a mediator of PMN recruitment
because of its positive surface charge. This
electrostatic MPO effect not only displays a
so far unrecognized, catalysis-independent
function of the enzyme, but also highlights a
principal mechanism of PMN attraction
driven by physical forces. (Blood. 2011;
117(4):1350-1358)

Introduction

Recruitment of polymorphonuclear neutrophils (PMNs) is consid-
ered a hallmark in host defense.! With vessel- and tissue-infiltrating
PMNs also being mechanistically linked to a broad range of
vascular inflammatory diseases including coronary artery disease,
heart failure and ischemia/reperfusion injury, the pathophysiologic
significance of PMN motility reaches far beyond innate immu-
nity.>* So far, PMN migration is primarily viewed to be energy-
dependent and cytoskeleton-dependent with G-protein coupled
receptors and integrins initiating and orchestrating signaling path-
ways obligatory for neutrophil adhesion, spreading, diapedesis and
chemotactic agitation.>” On activation, PMN releases myeloperox-
idase (MPO), an abundant heme protein in PMN with potent
bactericidal and vascular-inflammatory properties. The enzyme
accumulates along the endothelium and in the subendothelial
space,® where it binds to anionic glycocalyx residues such as
heparan sulfate glycosaminoglycans. Given the affinity of MPO to
both PMN and endothelial cells, we evaluated whether MPO
affects PMN locomotion and recruitment.

Methods
Isolation of PMN

Peripheral blood was drawn from healthy human volunteers and heparin-
ized, and isolation of PMN was performed as previously described.” In
brief, after sedimentation in dextran solution (45 mg/mL), the supernatant

was placed over Histopaque 1077 (Sigma-Aldrich) for density gradient
centrifugation. Remaining red blood cells were eliminated by hypotonic
lysis and the pellet was resuspended in Hanks balanced salt solution
(HBSS; Invitrogen) containing 0.25% bovine serum albumin (BSA) (cell
buffer) and stored on ice until use.

Microslide motility experiments

Microslides (Ibidi p.-slide I, ibitreat; IBIDI) were coated with fibrinogen
(250 pg/mL). PMN or red blood cells (RBCs; 1 X 10%mL in cell buffer or
plasma, where indicated) were incubated with 4-amino-benzoic acid
hydrazide (ABAH; 50p.M, Calbiochem) and H,O, (50pM, 30 minutes,
Merck), (-)-Blebbistatin (100M, 30 minutes, Sigma-Aldrich), Cytochala-
sin D (1nM, 30 minutes, Sigma-Aldrich), LY 294002 (200uM, 2 hours,
Calbiochem), or with sodium azide and 2-deoyxglucose (5S0mM, 1 hour,
Sigma-Aldrich). 100 pg of poly-L-arginine (PLA, Sigma-Aldrich), prota-
mine (Protamin Valeant, MEDA Pharma), or histone H2A (Millipore) was
added directly before application to microslides, where indicated. For
experiments in pH 9.2, PMN were resuspended and lyophilized MPO was
reconstituted in cell buffer of pH 9.2. 100 wL. of PMN suspension was
applied into the microslide channel; cells were allowed to attach for
5 minutes. Subsequently, 30 L. of MPO (120nM unless otherwise indi-
cated, Planta Natural Products), recombinant, mutant MPO Q91T or
M243T (120nM), IL-8 (25nM, PeproTech), or human serum albumin
(120nM, Sigma-Aldrich) in cell buffer or plasma, optionally supplemented
with inhibitors, PLA, protamine, or histone, respectively, was added from
one side into the channel. Where indicated, Sepharose beads with anionic
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(HiTrap SP HP, GE Healthcare/Amersham) or cationic (HiTrap Q HP, GE
Healthcare) coating were used instead of PMN. The area of the steepest
gradient was calculated as before (www.ibidi.com) and captured for
20 minutes with a light microscope (CK 2, Olympus)-mounted charge-
coupled device (CCD) camera (Retiga 1300, QImaging).

Image acquisition and processing of in vitro experiments

During leukocyte or Sepharose-bead motility experiments, pictures were
captured at 0 minutes and 20 minutes, and time-lapse imaging was used to
create a stack of images (iVision version 4.0, BioVision). The percentage of
cells oriented in an angle of less than 180° toward the segment of upward
gradient was evaluated (PMN in up-gradient segment). Twenty PMNs per
stack were tracked and transformed to 2-dimensional plots, with the
x-direction indicating the upward gradient orientation (manual tracking and
chemotaxis-tool, created for ImageJ by IBIDI). The mean accumulated
distance and the x-forward-migration index (x-displacement X accumulated
distance™!) were calculated.

Quantification of f-actin with flow cytometry

PMN (1 X 10%mL cell buffer) were incubated with MPO (120nM) or IL-8
(25nM). After indicated times, cells were fixed, permeabilized, and
incubated with Alexa Fluor 488—Phalloidin (20 minutes, 5 U/mL in phos-
phate buffer solution [PBS] with 1% BSA, Molecular Probes). Flow
cytometric analysis was performed using a FACSCalibur flow cytometer
and CellQuest Pro 5.1 software (BD Biosciences).

Mouse liver experimental protocols

Male C57BL/6J (wild-type; WT) and MPO_tm1lus (Mpo~'~) mice aged
12-15 weeks were treated either to occlude the blood supply to the median
and left hepatic lobes with an atraumatic vascular clamp for 90 minutes, and
reperfusion then initiated; or, their inferior mesenteric veins were injected
with recombinant human serum albumin (Prospec); recombinant active
MPO (R&D Systems); inactive MPO M243T, Q91T MPO, or recombinant
MPO preincubated with 50uM ABAH and H,O, (4 g in 200 pL of
physiologic saline), respectively. Two hours after intraportal injection or
20 hours after initiation of reperfusion, mice were again anaesthetized. The
liver was flushed by intraportal injection of 1 mL of PBS and excised. All
animal experiments were approved by the local ethics committees (Ham-
burg, Germany, G100/06) and in accordance with the US National Research
Council’s “Guide for the Care and Use of Laboratory Animals.”

Quantitative assessment of hepatic PMN infiltration by
immunohistochemistry

Frozen liver specimens were fixed with acetone. Sections were incubated
with anti-mouse Ly6G primary antibody (ratio of 1:40; Hycult Biodiagnos-
tics), and endogenous peroxidase activity was blocked. The secondary
antibody was horseradish peroxidase (hrp)-labeled rabbit IgG to rat IgG
(1:100, Dako), and the tertiary antibody was hrp-labeled goat anti-rabbit
IgG (1:500, Vector Laboratories) in 3% normal mouse serum. PMNs were
stained with 3-amino-9-ethylcarbazol (AEC) solution and tissue was
counterstained with hematoxyline. The number of neutrophils attached to
sinusoids or extravasated into hepatic parenchyma was counted in
30 high-power fields per animal (original magnification X600) under a light
microscope (Olympus).

Mouse cremaster muscle experimental protocols

Recombinant murine tumor necrosis factor (TNF)-a (500 ng per mouse,
R&D) in sterile saline was injected into the scrotum of male C57BL/6J
(WT) mice and MPO_tm1lus (Mpo~'~) mice aged 12-15 weeks. Two hours
after injection, the carotid artery was cannulated and the cremaster muscle
surgically prepared for intravital microscopy as previously described.!?
During intravital microscopy, the cremaster muscle preparation was continu-
ously superfused with a 37°C warm buffer solution. In separate experi-
ments, the cremaster muscle was surgically prepared without prior treat-
ment (trauma induced inflammation). Twenty minutes after surgical
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preparation of the cremaster muscle, the animals received a bolus injection
of active MPO (20 pg per mouse) or recombinant, inactive MPO Q91T
(20 pg per mouse) in a volume of 0.2 mL of sterile saline, or an injection of
saline alone, into the carotid artery. During all experiments systemic blood
samples were obtained (10 wL in 90 pL of Tuerk solution; Merck) for
quantification of systemic white blood cell count. All animal experiments
were approved by the local ethics committees (Regierung von Oberbayern,
Az. 55.2-1-54-2531-80-07) and in accordance with the “Guide for the Care
and Use of Laboratory Animals.”

Intravital microscopy and data analysis

Intravital microscopy was performed on an upright microscope (Olympus
BX51) with a saline immersion objective (original magnification 40X, 0.8
numerical aperture) as described.' Experiments were recorded on an
S-VHS recorder using a CCD camera (model CF8/1, Kappa) for later
offline analysis. Vessel diameter, segment length of postcapillary cremaster
muscle venules, and PMN diameter were measured with a digital image
processing system.!! Centerline red blood cell velocity was determined by a
dual photodiode and a digital online cross-correlation program (Circusoft
Instrumentation) and used for offline calculation of mean blood flow
velocity and wall shear rates as previously reported.!> Supplemental Tables
1 and 2 (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article) give an overview of microvascular
parameters observed during intravital microscopy experiments. PMN
adherence was quantified by counting the number of leukocytes per mm? of
vessel surface that remained stationary for more than 30 seconds.

Whole-mount histology

To assess leukocyte extravasation on intrascrotal injection of TNF-a, whole
mounts of cremaster muscles were prepared as previously described.!?
Leukocyte extravasation was quantified by counting the number of
extravascular cells per mm? of cremaster muscle tissue using a Zeiss upright
microscope with an oil immersion objective (original magnification 100X,
1.3 numerical aperture).

MPO and Alcian blue staining

For hepatic MPO staining, human MPO (4 p.g, Planta Natural Products) or
human serum albumin (4 pg, Sigma-Aldrich) was injected to the mesen-
teric vein of C57B1/6] mice as described. Hepatic sections were incubated
with the primary antibody to human MPO (rabbit, Calbiochem). For
cremasteric MPO staining, human MPO (20 pwg) was injected into the
carotid artery of WT mice, and after 10 minutes an antibody to human MPO
(40 g, rabbit, Calbiochem) was injected. After another 10 minutes, the
vena cava inferior was incised and 3 mL of PBS were flushed via the carotid
catheter. Where indicated, Alcian blue 8 GX (1 mL, 0.1% solution,
Sigma-Aldrich) was injected into the artery and flushed with 1 mL of PBS
and 1 mL of 4% formaldehyde. The cremaster muscle was excised as
described, placed on a microslide, and fixed with 4% formaldehyde. All
samples were treated with secondary antibody Alexa 488 to rabbit IgG
(Molecular Probes) and tissue was counterstained with DAPI. Images were
acquired with a Leica microscope (DMLB) and IVision software.

Statistical analysis

Data were tested for normal distribution using the Kolmogorov-Smirnov
test. When normality was shown, Student unpaired 7 test was used for
pairwise comparison; otherwise, the Mann-Whitney rank sum test was
used. A before-after comparison was performed with the Student paired
t test. For multiple comparison, one-way ANOVA followed by a Bonferroni
post hoc test, or Kruskal-Wallis ANOVA on ranks test followed by Dunn
post hoc test, was used as appropriate. A P value < .05 was considered
statistically significant. All statistical analyses were carried out with
SPSS Version 13 (SPSS). Data are presented as mean = SEM.
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A B Figure 1. MPO-dependent PMN motility in vitro. PMN motility
304 — 801 ® was evaluated at the steepest gradient of a chemotactic factor or
- € control in Ibidi microslides. (A) MPO provoked directed locomotion
& g e e e of PMN in a concentration-dependent manner (n = 4, one-way
E. o ANOVA; P < .0001). (B) Directed PMN motility after application of
@ _ 60 @ __ oo human serum albumin (HSA, n = 21), MPO (n = 34), and interleu-
E = E = kin-8 (IL-8, n = 9) was investigated (one-way ANOVA; P < .0001).
58 =§ E (C) Directed motility toward HSA or MPO was evaluated on
%"6 40 $ S 407 preincubation with the MPO-inhibitor 4-amino-benzoic acid hydra-
ad g.?‘f. zide (ABAH; white bars, n = 3-4). (D) MPO-variants Q91T (n = 4)
: c and M243T (n=9) devoid of catalytic activity also yielded
= o0 = 201 increased directed PMN motility (one-way ANOVA P < .003).
E E Number of independent experiments denoted by n; number of
donors of PMN = 3. Bars represent means; error bars, standard
g- 5 error of the mean (SEM). *P < .05, **P < .01, ***P < .001.
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to MPO lacked the morphologic characteristics observed on
Results migration in response to IL-8, that is, polarization and formation of

To test PMN motility in response to MPO, isolated human PMN
added to microslides were challenged with MPO administered to
one pole of the chamber. The resulting gradient of MPO provoked
PMN motility in a concentration-dependent manner (Figure 1A).
The presence of human plasma did not affect MPO-directed
motility (Suppl. Figure 1A). The extent of directed PMN locomo-
tion toward MPO was significantly elevated compared with human
serum albumin (HSA) and the chemokine interleukin-8 (IL-8,
Figure 1B), with eosinophil peroxidase (EPO) attracting PMN to a
similar extent as MPO (supplemental Figure 1B). Interestingly,
inactivation of MPO by the inhibitor 4-amino-benzoic acid hydra-
zide (ABHA) did not attenuate MPO-dependent PMN motility.
Furthermore, 2 MPO variants, which lack either total enzymatic
activity (Q91T) or the chlorinating, brominating, NO-oxidizing and
NO-nitrating activity of the enzyme (M243T'4), provoked PMN
attraction to a similar extent as active MPO, thus indicating a
mechanism that operates irrespective of the enzyme’s catalytic
activity (Figure 1C, D).

Remarkably, although MPO-exposed PMN traveled a shorter
distance compared with IL-8, MPO-dependent motility was strik-
ingly more vectored (as expressed by the x-forward-migration
index!3; Figure 2A-C, supplemental Figure 2). These differences
between MPO-evoked compared with IL-8-evoked motility were
accompanied by a discrepancy in cell morphology: PMN exposed

lamellipodia'® (Figure 2D). Given these directional and morpho-
logic peculiarities in PMN motility toward MPO, characterization
of central intracellular signaling cascades involved in mediating
leukocyte migration were explored. Whereas inhibition of non-
muscle myosin II by blebbistatin, phosphatidylinositol 3-kinase
activity by LY 294002, and actin filament polymerization using
cytochalasin D impaired IL-8-induced migration,!”! MPO-
induced PMN motility remained unaffected. The rise in filamen-
tous actin content (f-actin), which is a prerequisite of active PMN
migration and observed in IL-8 treated cells, was blunted in
MPO-exposed cells. This indicates that PMN motility on MPO
exposure is independent of cytoskeletal rearrangements (Figure 2E,
F). Instead, MPO provoked passive PMN locomotion irrespective
of energy consumption, as evidenced by preserved cell motility in
the presence of respiratory chain and glycolysis-inhibiting sodium
azide and 2-deoxyglucose, respectively (Figure 2G). Moreover,
PMN movement toward MPO was retained after fixation of the
cells using methanol (Figure 3A).

Given that MPO-dependent PMN motility was revealed to be
independent of energy-consuming cytoskeletal modifications, elec-
trostatic interactions between the cationic MPO and the negatively
charged PMN-surface were explored. In support of electrostatic
interactions as a prerequisite for MPO-evoked PMN motility,
alkalization of the assay buffer to the isoelectric point of MPO
(p 9.2) entirely prevented motility of methanol-fixed PMN (Figure
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Figure 2. MPO-mediated PMN motility is highly directed and
independent of cytoskeletal rearrangements. (A) Plots of PMN
locomotion in microslides are depicted, red lines represent tracks
of cells moving toward the up-gradient segment. Cell motility was
followed under an Olympus CK2 inverted microscope with a
mounted CCD camera (Retiga 1300, Qlmaging). Time-lapse micros-
copy was performed with iVision version 4.0 (Biovision) software
and tracks created with ImageJ. (B) The mean accumulated
distance of plotted tracks was calculated (n = 3-4 plots including
20 tracks, respectively, one-way ANOVA P < .002). (C) The
x-forward—migration index (x-displacement X accumulated dis-
tance™") of plotted tracks (n = 3-4 plots including 20 tracks)
represents the extent of vectored PMN movement (one-way
ANOVA P < .01). (D) PMN administered to microslides in HSA-,
MPO-, and IL-8-gradients were visualized with relief contrast
microscopy (magnification <400, digital interference contrast (DIC)
microscopy, Olympus CKX31). (E) Motility toward MPO or IL-8
after preincubation of PMN with blebbistatin (dark gray), LY294002
(white), or cytochalasin D (light gray) was tested (n = 3-4, one-way
ANOVA P < .0001). (F) Intracellular f-actin content of PMN after
exposure to HSA, MPO, or IL-8 for indicated times was assessed
by flow cytometry (n = 3-4). (G) Chemotaxis experiments in
microslides were performed after preincubation of PMN with
sodium azide and 2-deoxyglucose (white bars) to deplete energy
metabolism. (n = 3-6, one-way ANOVA P < .0001). In this case,
n denotes number of independent experiments, number of donors
of PMN = 3. Bars represent means; error bars, SEM. *P < .05,
P <.01,**P < .001.

3A). The profound effect of the monomeric MPO mutants on PMN
motility (Figure 1D) suggests that cleavage of MPO to hemi-
myeloperoxidase, which occurs on alkalization, is not responsible
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for attenuation of PMN motility under alkaline conditions.?® The
significance of electrostatic interactions for MPO-directed cell
motility was further stressed by the observation, that addition of
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Figure 3. MPO-mediated PMN-motility is dependent on elec-
A B trostatic interactions. (A) Methanol (MeOH) treatment of PMN
1007 AEE, did not impair MPO-induced motility, while directed movement of
t] ns i MeOH-fixed PMN toward MPO was blunted in buffer with the pH
g —— 43 raised to the isoelectric point of MPO (p/ 9.2, white bar, n = 3—4,
2 801 E E one-way ANOVA P < .0001). (B) Poly-L-arginine (PLA), prota-
.'f = o= mine and histone H2A were coadministered to PMN-suspension
E g fj s and MPO to equalize the cationic gradient. HSA was coadminis-
g ;_; 60 WrH74 83 tered as a control protein (n = 3, one-way ANOVA P < .0001).
P O E o (C) MPO-directed locomotion of sepharose beads with anionic or
2 = pH9.2 ‘?% cationic coating was tested (n = 3-6). (D) Coadministration of
£ 407 g-% PLA, protamine, and histone H2A impaired the motility of anionic
g Es beads toward MPO. In this case, n denotes number of indepen-
o | = g dent experiments, number of donors of PMN = 3. Bars represent
20 E o means; error bars, SEM. *P < .05, **P < .01, ***P < .001.
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highly polycationic molecules such as protamine, poly-L-arginine
(PLA), and histone H2A coadministered to blunt the cationic
gradient indeed abrogated the MPO-effect (Figure 3B). Along these
lines, sepharose particles carrying a negative surface charge
displayed a highly directed motility toward MPO, whereas cationic
particles hardly did. In accordance with experiments performed
with PMN, PLA, protamine, and histone H2A diminished MPO-
directed locomotion of negatively charged particles (Figure 3C-D),
underscoring the necessity of a cationic gradient as a prerequisite
for cell motility. Moreover, and in support of MPO-mediated cell
attraction, coating of microslides with MPO caused increased
leukocyte adhesion under flow conditions compared with BSA
(supplemental Figure 3).

To test whether these observations translate into MPO-
dependent changes in PMN accumulation in vivo, we applied
different mouse models using WT and MPO-deficient (Mpo=")
animals. In a first set of experiments, WT and Mpo™~ mice were
subjected to 90 minutes of hepatic ischemia, followed by 20 hours
of reperfusion. This resulted in systemic and hepatic accumulation
of endogenous MPO in WT mice (supplemental Figure 4A-C),
accompanied by a profound increase in PMN-infiltration compared
with sham-operated animals. In Mpo~/~ mice, the extent of PMN
infiltration was markedly reduced (Figure 4A-B), reconfirming
observations previously made in myocardial ischemia and renal
ischemia and reperfusion.>?! Likewise, TNF-a—treated Mpo /=
mice revealed significantly reduced endothelial PMN adhesion and
extravasation compared with WT mice (Figure 4C-D), as monitored by
intravital microscopy and histologic evaluation of cremaster muscle
postcapillary venules. Endothelial deposition of MPO on intrascrotal
TNF-a injection in WT mice was confirmed immunohistochemi-

Ay,
O, Sz
éq, 0,?8

"%

cally (supplemental Figure 5). Importantly, basal systemic leuko-
cyte numbers and PMN surface expression of Mac-1 integrins did
not differ between the mouse strains (supplemental Figure 6A-C).

To assess the direct contribution of MPO for PMN recruitment
in vivo, MPO was injected into the superior mesenteric vein of WT
mice. Accumulation of MPO in hepatic tissue was confirmed by
immunofluorescence staining (Figure 4E). Administration of active
MPO and the catalytically inactive MPO variants M243T and
QI1T, as well as ABAH-inactivated MPO, resulted in significantly
increased hepatic PMN accumulation compared with HSA, imply-
ing that the effect of MPO on PMN recruitment remains indepen-
dent of the enzyme's catalytic activity (Figure 4F). In line with
these observations, injection of active MPO and inactive Q91T
MPO into the carotid artery of WT and Mpo~~ mice provoked
rapid PMN adhesion in cremaster muscle postcapillary venules
(Figure 4G, supplemental Figure 7A, supplemental Video 1A-B).
Microcirculatory parameters remained similar between the experi-
mental groups (supplemental Tables 1-2). Of note, determination of
cell diameters perpendicular to the endothelium? revealed that
vessel-adherent PMN in MPO-treated mice was characterized by
less spreading compared with PMN in animals challenged with
TNF-a (Figure 4H). This observation recalls the in vitro findings
and demonstrates distinctions between mechanisms evoked by
established inflammatory cytokines. Importantly, MPO application
did not affect PMN recruitment in arterioles of the cremaster
muscle (supplemental Figure 7B-C, supplemental Video 1C). This
underscores that MPO does not replace but rather supports the
multiple mechanisms responsible for PMN recruitment, which
hardly occurs in arterioles. In support of this MPO-dependent,
charge-mediated PMN recruitment in vivo, MPO indeed profoundly
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Figure 4. MPO provokes neutrophil recruitment in vivo.
(A) Representative liver sections of WT and Mpo~/~ mice after
90 minutes of hepatic ischemia with subsequent 20 hours of
reperfusion are shown (PMN = red-brown; X200, captured with
Zeiss AxioCam HRc mounted on a Zeiss Axioskop with AxioVi-
sion 3.1. Tonal value correction, brightness, and contrast were
adjusted with Adobe Photoshop CS3 extended 10.0). (B) PMN
were quantified in liver sections of WT or Mpo~/~ mice on hepatic
ischemia and reperfusion (hpf = high-power field; magnification
X600; sham n = 5-8, treated n = 9-10, one-way ANOVA
P < .0001). (C) Number of adherent leukocytes in postcapillary
venules of the cremaster muscle of WT (19 vessels in 4 mice)
and Mpo~/~ mice (18 vessels in 4 mice) stimulated with TNF-«
was assessed by intravital microscopy. (D) Number of perivascu-
lar PMN in TNF-a stimulated cremaster muscle of WT (n = 4)
and Mpo~~ mice (n=4) was evaluated in Giemsa-stained
whole mounts. (E) MPO-immunoreactivity («<MPO, green, Alexa
Fluor 488) on intraportal injection of HSA or human MPO is
shown in hepatic sections of WT mice (blue = Dapi, original
magnification X100, captured with Retiga 1300 CCD camera
mounted on Leica DMLB fluorescence microscope by iVision
version 4.0, processed as described in panel A). (F) Hepatic
PMN-infiltration was quantified on intraportal injection of HSA,
active MPO (MPO), inactive MPO M243T and Q91T, or ABAH-
inactivated MPO (n = 3-8, hpf = high-power field, magnification
X600, one-way ANOVA P < .01). (G) Number of adherent
leukocytes in cremaster muscle postcapillary venules was as-
sessed before (basal, white bars) and after (post injection, black
bars) injection of saline solution (16 vessels in 5 mice), active
(15 vessels in 3 mice) or inactive MPO Q91T (12 vessels in
3 mice) into the carotid artery of WT mice. (H) Mean diameter of
PMN adherent to the endothelium of cremaster muscle venules
in mice on injection of saline, MPO, or Q91T MPO to the carotid
artery or intrascrotal TNF-a application (500 ng) and a represen-
tative image of vessel-adherent PMN in MPO and TNF-a—treated
mice are shown (magnification X400; intravital microscopy was
performed with an Olympus BX51 microscope with a CF8/1
CCD-camera [Kappa]), recorded on S-VHS recorder and digi-
talized with MetaMorph software [Molecular Devices)). (I) Intralu-
minal staining of MPO (green) and negatively charged glycocalyx
residues (Alcian blue) in WT mice on MPO injection of the carotid
artery (MPO i.a.) or control (ctrl). Scale bars, 30 um; fluores-
cence images captured and processed as described in panel
E and bright-field images as described in panel A. Bars represent
means; error bars, SEM. *P < .05, **P < .01, ***P < .001.

attenuated the anionic endothelial surface charge in cremaster
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Figure 5. Scheme of the suggested mechanism of MPO-mediated PMN recruitment. Electrostatic repulsion between the negatively charged glycocalyx of PMN and the

vessel wall prevents the interactions of PMN with the endothelium. Given the difference in height, the glycocalyx (~

500 nm) shields selectins (~ 40 nm), which communicate

the definite contact of PMN to the vessel wall (for instance, binding of constitutively expressed P-selectin glycoprotein ligand-1 [PSGL-1] on the PMN membrane with
P-selectins on the endothelial surface). Thus binding of MPO to glycosaminoglycans reduces the negative surface charge and allows for electrostatic attraction of PMN to the
endothelium, which then mediates receptor-ligand interactions, resulting in PMN tethering and rolling, adhesion, and diapedesis.

Discussion

Recruitment of PMN during inflammation implies a complex
multistep process, which is initiated by capture, tethering, and
rolling of leukocytes followed by leukocyte adhesion, spreading,
and crawling on the inflamed vessel wall, and finally diapedesis
into tissue. We herein propose a central role of MPO during the
early steps of PMN interaction with the endothelium, this role
being mediated by electrostatic forces between the cationic MPO
surface and the anionic PMN surface.

Whereas the initial steps of the migration cascade are primarily
considered to be selectin-dependent, nonselective physical forces
have been suggested as alternative and potentially preceding
mechanisms allowing PMN interaction with the vessel wall.
Previous reports speculated on cationic proteins being responsible
for the initiation of leukocyte emigration by alteration of the
surface charge.?® The attenuation of electrostatic repulsive forces
has been hypothesized to permit short-range forces like Van der
Waals and hydrophobic forces between leukocytes and the endothe-
lium to act, and thereby facilitate leukocyte adhesion.?’ In fact,
reports in the 1970s and early 1980s suggested that PMN-derived
proteins enhance PMN margination and aggregation by decreasing
negative surface charge, but these reports failed to identify the
underlying effector molecules.?®-3° In accordance with these obser-
vations, sulfated glycosaminoglycans became established epitopes
mediating the repulsion of blood cells and attenuating adhesion of
circulating leukocytes, in part because of their negative charge, and
by shielding endothelial adhesion molecules. Depletion of heparan
sulfate chains has been shown to increase leukocyte adhesion in
postcapillary venules,' whereas the negative charge of the leuko-
cyte surface protein leukosialin (CD 43) appears to exert antiadhe-
sive properties.??

The current data now expand on these findings and introduce
MPO as a powerful inducer of PMN recruitment. In fact, as the
enzyme is capable of attracting PMN in vitro independently of
cytoskeletal-dependent and energy-dependent rearrangements of
the leukocyte, electrostatic forces may indeed account for essential
steps of PMN migration in vivo. Given its high affinity to
glycosaminoglycans and matrix proteins such as collagen, fibronec-
tin,%33 and fibrinogen (data not shown), MPO, released at and
covering sites of inflammation, attenuates the antiadhesive proper-
ties of the vessel wall. This cationic “coat” may ease the interplay
of PMN with the endothelium and allow PMN to interact with

adhesion molecules harbored within the glycocalyx.’* Further-
more, MPO deposition by adherent and crawling leukocytes on the
endothelial surface layer may even help to guide upcoming PMN to
the exit point into tissue (Figure 5). This concept of MPO
supporting established mechanisms of PMN recruitment rather
than unselectively promoting firm PMN adhesion is underscored
by the fact that the enzyme did not provoke PMN recruitment in
arterioles, where leukocyte interaction with the endothelium re-
mains restricted because of high shear forces and a limited
expression of adhesion molecules.

Alternative mechanisms apart from electrostatic interactions
may be responsible for the current observations. For example, one
could speculate that MPO increases vascular permeability as
shown for other cationic molecules.?>3¢ Vascular permeability is
mainly regulated by the adhesion molecule vascular endothelial
(VE)—cadherin, with its blockade resulting in increased permeabil-
ity and enhanced PMN emigration.?” However, research does not
confirm that MPO affects vascular permeability.® Moreover, MPO
binding to the neutrophil integrin Mac-1383° may facilitate PMN
adhesion and thus support electrostatically driven cell recruitment,
as previously described for elastase and proteinase 3.4041

It is possible to deduce from the current study that other cationic
granular proteins should exhibit similar effects as MPO. However,
electrostatically driven PMN recruitment does not only depend on
the p/ of the affecting protein: For example, lactoferrin, a-chymo-
trypsinogen A, and histone, despite a similar p/, promote endothe-
lial leukocyte adhesion in varying degrees.*? In fact, the different
binding affinities of the proteins to the endothelium appear to be of
critical importance as well.** MPO is characterized by its high
affinity to heparan sulfate glycosaminoglycans,®* the major com-
ponents of the endothelial surface layer. In conjunction with its
abundant granular expression, this results in profound deposition
on the endothelial surface and might account for the enzyme’s
profound effects on PMN recruitment.

Of note, the proposed mechanism might also affect the affinity
of other blood corpuscles toward the vessel wall as shown, for
example, for red blood cells in vitro (supplemental Figure 8).
However, MPO-mediated affinity of leukocytes to the vessel wall
might be of particular significance, given that leukocytes subse-
quently adhere to endothelial cells and extravasate in an MPO-
independent fashion.

In conclusion, these findings describe a novel mechanism
underlying neutrophil motility and highlight a so-far unrecognized
role for MPO in the recruitment of PMN, which is independent of
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the enzyme’s catalytic activity. Instead, PMN attraction is commu-
nicated by MPO’s positive charge, an observation that calls for
revisiting the role of MPO in innate immunity and the impact of
physical forces on the recruitment of neutrophils.
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Sphingosine-1-phosphate receptor 3 promotes
leukocyte rolling by mobilizing endothelial
P-selectin

Claudia Nussbaum'2*, Sarah Bannenberg3*, Petra Keul3, Markus H. Gréler?, Cassiano F. Gongalves-de-
Albuquerque’?, Hanna Korhonen®, Karin von Wnuck Lipinski®, Gerd Heusch?, Hugo C. de Castro Faria Neto?,
Ina Rohwedder!, Joachim R. Géthert”, Vysakh Pushpa Prasad®, Giinter Haufe®, Baerbel Lange-SperandioZ,
Stefan Offermanns®, Markus Sperandio'* & Bodo Levkau®*

Sphingosine-1-phosphate (S1P) participates in inflammation; however, its role in leukocyte
rolling is still unclear. Here we use intravital microscopy in inflamed mouse cremaster muscle
venules and human endothelial cells to show that S1P contributes to P-selectin-dependent
leukocyte rolling through endothelial S1P receptor 3 (S1P3) and Ga,, PLCB and Ca’t. Intra-
arterial S1P administration increases leukocyte rolling, while S1P5 deficiency or inhibition
dramatically reduces it. Mast cells involved in triggering rolling also release S1P that mobilizes
P-selectin through S1P5. Histamine and epinephrine require S1P3 for full-scale effect
accomplishing it by stimulating sphingosine kinase 1 (Sphk1). In a counter-regulatory manner,
S1P; inhibits cAMP-stimulated Sphk1 and blocks rolling as observed in endothelial-specific
S1P;~/ ~ mice. In agreement with a dominant pro-rolling effect of S1P5, FTY720 inhibits rolling
in control and S1P;/~ but not in STP5/~ mice. Our findings identify SIP as a direct and
indirect contributor to leukocyte rolling and characterize the receptors mediating its action.
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phingosine-1-phospate (SI1P) is a bioactive lysophospholi-

pid with important functions in the immune and cardio-

vascular systems and has been implicated in different
aspects of inflammatory disorders'. High S1P concentrations
have been measured locally at inflammatory sites>®, where it is
generated by sphingosine kinases activated through inflammatory
cytokines, lipopolysaccharide (LPS) or thrombin. This suggests a
role for S1P in the propagation of the inflammatory response?. In
contrast, SIP opposes the pathologically increased endothelial
permeability common to all inflammatory processes and prevents
vascular leakage caused by LPS, thrombin or platelet-activating
factor””. There is also evidence both for stimulatory and
inhibitory effects of S1P on leukocyte recruitment in
inflammation. In favour of a pro-inflammatory role, exogenous
S1P induces endothelial vascular cell adhesion molecule 1
(VCAM-1) and E-selectin, while endogenous S1P mediates the
stimulatory effect of tumor-necrosis factor (TNF)-a and LPS on
adhesion molecules, which is suppressed by S1P; short interfering
RNAS-10 In support, chronic overexpression of sphingosine
kinase 1 augments VCAM-1 and E-selectin expression and
enhances neutrophil adhesion after TNF-a!!. In contrast, both
S1P and S1P; agonists have been demonstrated to inhibit TNF-o-
induced endothelial adhesion molecule expression and adherence
of inflammatory cells by interfering with endothelial NF-xB and
stimulating nitric oxide production'?"!%, Several explanations
have been put forward for these apparent discrepancies such as
the assumption that S1P receptors may be differentially expressed
among endothelial beds, and that the wide range of SIP
concentrations employed in the individual studies may have
led to contrary effects as observed for S1P in other systems!”.
However, in all these studies the focus has been on S1P;, while
any involvement of S1P receptor 3 (S1P;) has not been addressed.

In contrast to the effects of S1P on firm leukocyte adhesion, its
role on leukocyte rolling—the crucial initial step of inflammatory
cell recruitment—has not been investigated in detail. Recently,
sphingosine kinase-1 has been shown to contribute to histamine-
induced leukocyte rolling, but the mechanism of action has
remained elusive!®. In general, leukocyte capture and rolling is
mediated by the selectin family of adhesion molecules consisting of
three selectins: L-, E- and P-selectin!”!8, L-selectin is expressed on
most leukocytes and mediates leukocyte capture and rolling
through binding to selectin ligands found on high endothelial
venules of lymphoid organs. E-selectin and P-selectin are expressed
on the activated vascular endothelium during inflammation and
mediate rolling through binding to carbohydrate moieties of
selectin ligands on leukocytes!”"!8, Among the selectins, P-selectin
contributes to disease pathology in many experimental models
including myocardial and renal infarction, thrombosis, stroke,
atherosclerosis, cerebral malaria and sickle cell disease!®, as has
been shown using P-selectin-blocking antibodies and knockout
strategies in mouse, feline and baboon models?*-23.

We have recently identified leukocyte recruitment defects in
SIP;/~ mice in atherosclerosis and peritoneal inflammation that
were caused by both haematopoietic and non-haematopoietic
S1P; deficiency®. In addition, treatment with the S1P analogue
FTY720 severely reduced leukocyte recruitment into the inflamed
peritoneum?®. Currently, it is controversial if SIP in general and
S1P; in particular affect leukocyte rolling.

In this study, we address this issue by studying P-selectin-
dependent leukocyte rolling in surgically prepared post-capillary
venules of the mouse cremaster muscle in vivo. These studies are
complemented by experiments in a novel in vitro system to
investigate the mechanisms of the rapid P-selectin mobilization
that occurs within minutes in endothelial cells and stems from the
exocytosis of Weibel-Palade bodies. Our results demonstrate a
unique role of S1P and S1P; in P-selectin-dependent rolling both
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by direct action as well as by contributing to P-selectin
mobilization by other agonists.

Results

S1P; deficiency and inhibition reduce leukocyte rolling. To
examine whether SIP; plays a role in P-selectin-dependent
leukocyte rolling in vivo, we employed intravital microscopy to
monitor rolling in post-capillary venules of the surgically
exteriorized mouse cremaster muscle?*?. In this model,
profound spontaneous leukocyte rolling is induced by the
surgical preparation of the cremaster (hence termed trauma),
which exclusively depends on the rapid mobilization of P-selectin
from endothelial Weibel-Palade bodies to the luminal surface
in its initial phase (<45 min after exteriorization of the cremaster
muscle)!”20-28 Elegant studies from the 1990s have shown
that the endothelial P-selectin mobilization is in large part caused
by activation products of tissue mast cells released upon
mechanical manipulation during surgery?”. Here we employed
this model to study leukocyte rolling in SIP;/~ mice and
observed that their rolling flux fraction (as a measure of rolling)
was greatly diminished compared with C57BI6 controls (Fig. 1a).
Neither microvascular/haemodynamic conditions nor leukocyte
rolling velocities differed between groups excluding any bias
by these variables (Table 1 and Supplementary Fig. 1). Systemic
application of a P-selectin-blocking antibody completely
abrogated leukocyte rolling in both genotypes (Fig. 1a)
confirming the dependence of rolling on P-selectin in this
model and both genotypes, respectively. In addition, whole-
mount immunohistochemistry for intravascular P-selectin
clearly showed the appearance of luminal P-selectin in controls
but not in SIP;/~ mice (Fig. 1a). Of note, S1P;-deficient
leukocytes had no intrinsic defect in rolling as we determined
in an ex vivo flow chamber system>°, where blood was diverted
from the carotid artery into microflow chambers coated with
immobilized murine P-selectin’! (Fig. 1b). We also assessed
cell surface expression of P-selectin glycoprotein ligand-1 as
the main, if not only, functional P-selectin ligand on neutrophils,
and found no differences between SIP;/~ and C57BI6 mice
(Supplementary Table 1).

We next tested the effect of TY-52156, a highly specific S1P;
inhibitor®2, on leukocyte rolling in C57Bl6 mice. As TY-52156 is
not commercially available, we synthesized it according to
published protocols*? and confirmed its specificity for S1Ps
in comparison to S1P; (Supplementary Figs 2,3). Intraperitoneal
administration of TY-52156 (1.25 mg per kg body weight) 30 min
before the experiment leads to a dramatic reduction in leukocyte
rolling (Fig. 1c). To test whether the opposite-stimulation of the
vasculature by exogenous S1P-would increase rolling, we injected
S1P directly into the carotid artery (30 pug per kg body weight) in
C57Bl6 mice and measured leukocyte rolling immediately
thereafter. Indeed, we observed that rolling was dramatically
enhanced by S1P (Fig. 1d).

S1P; induces P-selectin and rolling via G4, PLC and Ca’™.
Exposure of cell surface P-selectin on luminal endothelial cells is
the prerequisite for trauma-induced leukocyte rolling in the
experimental model we have used here!”?6728, To pursue the
mechanism by which SI1P and S1P; affect P-selectin mobilization,
we established an assay for quantitative assessment of cell surface
P-selectin using flow cytometry in human umbilical endothelial
cells (HUVECs) as the only system applicable for such studies.
Nevertheless, HUVEC:s are still extremely difficult to work with in
respect to studying P-selectin as they express it only under certain
culture conditions and lose ability for mobilizing it already after
one to two passages. Nevertheless, we successfully established the
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Figure 1 | Leukocyte rolling is reduced in STP; 7~ mice and after S1P; blockade, respectively, and is enhanced by S1P administration. Leukocyte rolling
was quantified in postcapillary venules of the cremaster muscle of (a) S1P;7 ~ mice (n=5) and C57BI6 controls (n = 6). Rolling was abolished by systemic
injection of a P-selectin-blocking antibody in both groups. Middle: representative snap shot images of rolling leukocytes (arrows) are shown. Right:

representative whole-mount immunohistochemistry for P-Selectin after in vivo injection of an anti-P-selectin antibody (left: no staining in uninjured

cremaster, right: luminal P-selectin staining in the contralateral exteriorized cremaster). Scale bar, 40 pm. (b) Unaltered rolling of STP3/~ leukocytes on
immobilized P-selectin. Microflow chambers were coated with recombinant murine P-selectin and perfused with arterial blood diverted from the carotid
artery of C57B16 and STP3/~ mice (n=3 each) for the indicated times. The number of rolling cells was quantified per field of view (FOV). (¢) Rolling in
C57Bl6 mice with (n=4) and without (n=>5) the S1P5 inhibitor TY-52156 (1.25mgkg ~ ! intraperitoneally (i.p.) 30 min before experiment). (d) Rolling in
C57BI6 mice at baseline and immediately after SIP injection into the carotid artery (30 ug kg ~, n=>5). Quantitative data are presented as mean * s.e.m.
Significance was established using a Wilcoxon rank sum test or a paired two-tailed Student'’s t-test. In all experiments: *P<0.05; **P<0.01; ***P<0.001.

assay and validated it extensively using histamine and H1 and H2
receptor antagonists (Supplementary Fig. 4). Using this assay, we
observed that stimulation of HUVEC with 1 uM S1P resulted in an
extremely rapid (within 5 min) appearance of P-selectin on the cell
surface (Fig. 2a). In contrast, the agonist of the SI1P; receptor
SEW2871 was ineffective (Fig. 2a). In agreement with a role of S1P;
in the process, preincubation with 10 uM TY-52156 for 30 min
substantially diminished P-selectin mobilization by S1P (Fig. 2a).
We then addressed the signalling pathways downstream of
S1P/S1P; responsible for P-selectin mobilization. Phospholipase
C (PLC) and Ca?* are known to play a role in the exocytosis of
Weibel-Palade bodies®?, and S1P has been shown to activate PLC
in CHO cells overexpressing S1P; (ref. 34,35). Thus, we added the
PLC inhibitor U73122 (3 uM) 2 min before S1P stimulation and
observed a clear reduction in P-selectin mobilization (Fig. 2b). To
address the role of Ca? ™, we depleted internal Ca®>* pools by
adding thapsigargin (3 uM) for 5min before stimulation with
S1P, while simultaneously preventing the extracellular Ca®™
influx by EGTA (3 mM) added for the last minute. This treatment
substantially suppressed P-selectin mobilization (Fig. 2b).
Although S1P; couples to three G proteins (Gg, G; and Gy13),
the predominant signalling pathway it exercises is through G (ref.
36). To test for an involvement of G4 in leukocyte rolling in our
model in general, we employed mice deficient for G4 in endothelial
cells on a global Gi;-deficient background (G, —/— mice)?7.
We observed them to have a substantial reduction in leukocyte
rolling (Fig. 2c). Administration of TY-52156 did not reduce
rolling any further in Gg/;; —/— mice (Fig. 2c), suggesting that
under normal circumstances S1P3 enhances rolling through Gg.

FTY720 and S1P lyase blockade suppress rolling by impacting
on S1P;. On the basis of our results so far, we hypothesized that
downregulation of S1P; by FTY720 would inhibit leukocyte
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rolling to a similar extent as does S1P; deficiency or a S1P;
inhibitor. Furthermore, if S1P; were the only receptor inducing
P-selectin mobilization by S1P, FTY720 should not decrease
rolling any further in S1P;/~ mice. Indeed, administration of
1.25 mg per kg FTY720 either 30 min or 24 h before the experi-
ment dramatically attenuated leukocyte rolling (Fig. 3a). In
agreement with our second hypothesis, we observed no additional
inhibition of rolling by FTY720 in SIP;/~ mice (Fig. 3b).
Finally, treatment with the S1P lyase inhibitor 4-deoxypyridoxine
(DOP) that elevates plasma and tissue SIP and downregulates all
S1P receptors®® also inhibited rolling (Fig. 3c). Rolling velocities
did not differ significantly between the experimental groups
(Supplementary Fig. 1), and P-selectin-mediated rolling was
independent of putative DOP effects on plasma or leukocytes as
no differences in rolling were observed on immobilized P-selectin
(Supplementary Fig. 5).

We then went further to examine the effect of FTY720 on
P-selectin mobilization in vitro. Pretreatment of HUVEC with the
active, phosphorylated form of FTY720 (pFTY720, 10 uM for
30 min) almost completely abolished S1P-induced mobilization of
P-selectin (Fig. 3d). PhosphoFTY720 itself (1 uM) had only a
minor, almost negligible effect on P-selectin compared with 1 uM
S1P after 5min and no effect at all after 30 min (a time when the
S1P effect was still clearly visible; Fig. 3d). This may seem
surprising in light of the agonistic effect of pFTY720 known for
all S1P receptors except S1P, before their subsequent cell surface
downregulation. However, we have previously shown that
pFTY720 activates only the G; and not the G signalling pathway
of S1P; and also inhibits Gg-transmitted S1P; signalling by
native S1P3°. Here we observed something very similar in respect
to P-selectin: addition of a 10-fold higher concentration of
pFTY720 simultaneously with S1P resulted in a clear inhibition of
S1P-induced P-selectin mobilization (Fig. 3d). In agreement,
addition of S1P or pFTY720 for 30 min to another cellular system
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Table 1 | Haemodynamic parameters of mouse cremaster muscle experiments.
Mouse strain Treatment Fig. Mice (n) Venules Diameter (um) Centreline velocity (ums—") Shear rate (s~ ') WBC (x 1031~
C57Bl6 None la 6 21 30.0£11 1,876 £ 215 1,562 £160 5,704+ 622
S]Pf/* 5 20 288+1.4 1,885+£182 1,449 +£ 203 8,060 £983
C57Bl6 None Tc 5 16 33.6%1.6 2,181+ 324 1,693 £ 319 6,659 £192
C57B6 S1Psi 4 17 299110 1,861+£183 1,614 £138 5,808+ 633
C57Bl6 None d 5 5 349116 1,638 £ 406 1150+ 270 5,032+613
S1P 5 5 340118 1,427 + 408 1,006 £ 248 4,144 £ 367
C57BI6 None 2c 4 17 29.3+19 2,635+195 23031188 5,633+ 254
Gom /= None 5 22 30.8%+13 2,973 1162 2,445 £160 6,4051163
Gom 77 S1Psi 4 22 29.7+1.2 1,623 £ 113* 1,367 £93* 3,348 +1,076
C57Bl6 None 3a 5 26 33411 2,017 £163 1,524 +131 7,043 £ 899
FTY 30 min 6 36 343+0.8 1,857 £127 1,380+94 4,270+ 203
FTY 24 h 6 35 325%+1.0 1,540 £100 1178+ 71 1,110 £152*
C57Bl6 None® 3b 6 21 30.0£11 1,876 £ 215 1,562 £160 5,704+ 622
FTY 30 min 8 32 29.4%+0.6 2,419+ 203 2,033+£175 7147 £ 343
51P3_/_ None® 5 20 288114 1,885 1182 1,449 + 203 8,060 +983
FTY 30 min 5 19 292106 2,384 +£196 2,014 +185* 6,998 £ 937
C57Bl6 Normal diet  3c 4 17 30.3+£0.7 1,894 +185 1,510 £132 4,819 £1,090
DOP diet 5 23 30.3+£09 1,839 £186 1,476 £125 2,415 £ 297
C57Bl6 None 4c 4 16 33.6%1.0 1,613 £145 1,178 £101 8,143 + 548
Sphk1 /= 4 15 33.7+£17 1,709 £ 217 1,420 £ 241 7,760 £ 299
C57BI6 None? Se 5 26 33.4+11 2,017 £163 1,524 £131 7,043 £ 899
Forskolin 5 21 304112 2,143 +163 1,768 £147 3,382+ 579
S1PCL-CreERT Cro = None 7a 9 32 301+0.8 1,778 £153 1,465 +127 3,250 %567
SIP3CL-Cre-ERT Cpo+ 9 35 29.1+0.6 1,849 £172 1,546 £136 2,238+ 289
S1PFCL-Cre-ERT Cre = None® 7b 9 32 301+0.8 1,778 £153 1,465 +127 3,250 £ 567
FTY720 3 12 27.7+0.9 1,675+ 209 1,488 +184 2,280+742
SIPFCL-Cre-ERT e+ None' 9 35 29106 1,849 £172 1,546 136 2,238+ 289
FTY720 4 16 27.8+09 2,237 £ 232 1,999 + 213 3,015+ 459
DOP, 4-deoxypyridoxine; S1P, sphingosine-1-phosphate; SCL, stem cell leukaemia; WBC, white blood cell.
*P<0.05 versus respective control (‘none’).
fData are identical to Fig. 1a ('none’).
iData are identical to Fig. 3a (‘'none’).
§Data are identical to Fig. 7a (‘'none’).
a . b c
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Figure 2 | STP mobilizes P-selectin in endothelial cells and induces rolling through a S1P3/Gq/PLC/Ca2+ pathway. (a) HUVECs were stimulated with
S1P (1uM) for 5min in the presence or absence of the S1P3 inhibitor TY-52156 (10 uM) or stimulated with the S1P; agonist SEW2871 (1uM). P-selectin
surface expression was analysed using flow cytometry. Data shown are from at least three independent experiments. Representative histogram is shown as
inset. (b) HUVECs were stimulated with STP (1pM) in the presence or absence of U73122 (3 uM for 2 min) or thapsigargin (3 uM for 5 min) in combination
with EGTA (3mM for the last 1min). P-selectin was analysed using flow cytometry 5 min after the addition of STP. Data shown are from at least three
independent experiments. (¢) Leukocyte rolling was quantified in postcapillary venules of the cremaster muscle of G,; —/ — mice (Gq endothelial —/ —)
in the presence (n=4) or absence (n=5) of the S1P5 inhibitor TY-52156 (1.25mgkg " i.p. 30 min before the experiment) and in controls (n=4).
P-selectin-blocking antibody was injected to confirm complete dependence of rolling on P-selectin. Quantitative data are presented as mean +s.e.m.
Significance was established using a paired two-tailed Student's t-test or a Kruskal-Wallis analysis of variance (ANOVA) on ranks. *P<0.05; **P<0.01.

— S1Ps-overexpressing CHO cells — followed by removal and
subsequent (30min later) S1P stimulation abolished S1P;-

S1P; conveys part of the P-selectin mobilization by histamine.
P-selectin mobilization and consecutive leukocyte rolling in the

dependent signalling such as Erk MAPK activation trauma-stimulated cremaster muscle venules that we have
(Supplementary Fig. 6). examined here are known to be predominantly mediated by
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Figure 3 | FTY720 inhibit leukocyte rolling and P-selectin mobilization by S1P by interfering with S1P;. Reduced rolling after S1P lyase inhibition.
(a) Leukocyte rolling in C57BI6 mice treated without (n=5) or with 1.25mgkg ~1 FTY720 i.p. either 30 min or 24 h (n=6 each) before

experiment. (b) Leukocyte rolling in C57B16 (n=8) and STP3/~ mice (n=5) treated with 1.25mgkg ~ " i.p. FTY720 30 min before experiment. Untreated
C57BI6 and S1P5/~ mice served for comparison (n=6 and 5). () Leukocyte rolling in C57BI6 mice treated with (n = 5) and without the S1P lyase inhibitor
DOP (n=4). Top: whole-mount immunohistochemistry for P-Selectin after in vivo injection of an anti-P-selectin antibody shows the lack of P-selectin
mobilization in the exteriorized traumatized cremaster (right) compared with the contralateral uninjured one (left). Scale bar, 40 um. (d) HUVECs were
stimulated with S1P (1uM) or pFTY720 (1puM) for 5 and 30 min with and without pFTY720 preincubation (1uM) for 30 min. In some experiments,
pFTY720 (10 uM) and STP (1uM) were added simultaneously for 5min. ‘+ + + ' indicates the 10-fold higher pFTY720 concentration that was added
simultaneously with S1P in this case. P-selectin surface expression was analysed by flow cytometry. Data are from three independent experiments.
Quantitative data are presented as mean * s.e.m. Significance was established using a Kruskal-Wallis ANOVA on ranks or a Wilcoxon rank sum test, or a

paired two-tailed Student's t-test (d). P<0.05; **P<0.01; ***P<0.007; §<0.05 between S1P§/

products of tissue mast cells activated upon mechanical manip-
ulation during surgery®”. Of these products, histamine accounts
for approximately half of the effect on rolling as elegantly shown
using H1 and H2 histamine receptor antagonlsts Recently, Sun
et al.'® demonstrated that histamine superfusion of the cremaster
muscle induces leukocyte rolling dependent on sphingosine
kinase 1 (Sphkl), but the mechanism has remained
unidentified. We asked the question whether S1P; might be
involved in histamine-induced P-selectin mobilization. To tackle
this, we first titrated down the histamine concentration from
25 uM (routinely used in the vast majority of the literature) to a
100-fold lower concentration of 0.25uM (Fig. 4a). This much
lower histamine concentration still leads to a substantial
P-selectin mobilization in HUVEC within 5min (Fig. 4a). The
well-characterized  sphingosine kinase inhibitor 4-[[4-(4-
chlorophenyl)-2-thiazolyl]amino]-phenol (SKi, 25uM (ref. 40))
suppressed  P-selectin  mobilization at both  histamine
concentrations, but was particularly effective at the lower one
(Fig. 4a). Remarkably, administration of exogenous SIP in
addition to SKi partially restored P-selectin mobilization by
histamine (Fig. 4a), arguing for a S1P receptor conveying Sphk1-
mediated, histamine-dependent P-selectin mobilization. We then
tested whether the responsible S1P receptor may be S1P;. Indeed,
preincubation with the S1P; inhibitor TY-52156 for 30 min
dramatically reduced P-selectin mobilization by 0.25 uM
histamine (Fig. 4b). Thus, the reduction of histamine to lower
and presumably more physiological concentrations in our model

~ and S1P;/~ with FTY720 in (b).

allowed us to assign part of its P-selectin-mobilizing effect to the
engagement of S1P; through endogenous Sphkl-generated S1P.
Finally, we observed that leukocyte rolling was substantially
reduced in cremaster muscle venules of Sphkl =/~ mice in vivo
compared with C57BI6 controls (Fig. 4c). Altogether, our data
suggest that part of the histamine effect on P-selectin-mediated
rolling is mediated by its activation of Sphkl, production of
endogenous SIP and subsequent stimulation of P-selectin
mobilization by endothelial S1Ps.

cAMP induces P-selectin and rolling through Sphkl and S1P;.
Several other agents besides histamine such as thrombin, vaso-
pressin receptor agonists, purine nucleotides and eplnephrlne are
well known to induce rapid P-selectin mobilization*!. Many of
them elevate intracellular cAMP through activation of the
Gy/adenylate cyclase (AC) pathway; however, the exact
mechanisms leading to subsequent P-selectin mobilization are
not entirely clear. In our hands, epinephrine (9 pM) potently
induced P-selectin mobilization in HUVEC (Fig. 5a).
Remarkably, the S1P; inhibitor TY-52156 substantially albeit
not entirely suppressed epinephrine-induced  P-selectin
mobilization (Fig. 5a). Assuming that the cAMP/AC pathway is
involved, we applied forskolin (10 uM) as an established tool to
directly stimulate AC. Indeed, forskolin potently mobilized
P-selectin mobilization in HUVEC (Fig. 5b). Interestingly, this
was clearly inhibited by S1P; inhibitor TY-52156 (Fig. 5b). These
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data suggested that a mechanism involving AC activation and
relying on S1P; is in part responsible for P-selectin mobilization
by cAMP-generating agents such as epinephrine and forskolin.
Forskolin has been shown to activate Sphkl in
pheochromocytoma cells*?. We thus hypothesized that this may
be the case in endothelial cells as well. Thus, we determined
enzymatic Sphk1 activity after forskolin stimulation by measuring
the conversion of Cl7-sphingosine to C17-S1P using mass
spectrometry. Indeed, C17-S1P production was clearly increased
after forskolin (10 pM) treatment of HUVEC for 30 min (Fig. 5¢).
To explore the consequences for P-selectin mobilization, we
employed forskolin and the nondegradable cAMP analogue cpt-
cAMP, respectively, to activate Sphk and added the Sphk
inhibitor SKi. Indeed, both forskolin (10 pM) and cpt-cAMP
(0.3 mM) induced P-selectin mobilization, and in both cases SKi
treatment substantially reduced it (Fig. 5d). Finally, we sought to
reproduce these findings at the level of leukocyte rolling in vivo
and applied forskolin (1.3mgkg~!) intraperitoneally in our
cremaster model. In agreement with its induction of P-selectin
in vitro, forskolin clearly stimulated leukocyte rolling in vivo
(Fig. 5e). In summary, these data have identified a novel cAMP-
dependent mechanism of P-selectin mobilization that acts
through Sphkl activation and employs subsequent S1P;
signalling.

Mast cell-derived S1P induces P-selectin in HUVEC via S1P;.
According to previous studies, histamine release from mast cells
accounts for half of the leukocyte rolling in the cremaster model
that by itself is completely mast cell-dependent?®. Although S1P is
not contained in mast cell granules, mast cell can release large
amounts of SIP when allergically stimulated*>~*. Thus, we
hypothesized that tissue mast cells may be another source of S1P
in our model thereby causing P-selectin mobilization and rolling.
Physical stimuli such as pressure and temperature are known to
induce mast cell activation in vitro and in vivo?®47. As surrogate
for the physical stimulus of mechanical mast cell manipulation
occurring during cremaster muscle exteriorization, we employed
transient exposure of isolated peritoneal mast cells to a
temperature of 53°C for 2min as commonly employed to
activate mast cell without adverse effects on viability*®*’. We
then added the mast cell supernatants immediately to HUVEC
and measured P-selectin surface expression (Fig. 6). To exclude

6

effects of histamine released under these conditions, we added
diphenhydramine and cimetidine in concentrations sufficient to
completely block P-selectin mobilization by 0.25puM histamine
(Supplementary Fig. 4). The mast cell supernatants induced an
impressive four- to fivefold increase in cell surface P-selectin
expression compared with supernatants of unchallenged mast
cells after 10min (Fig. 6). Remarkably, this increase was
suppressed by more than half by the S1P; inhibitor TY-52156
(Fig. 6). Mass spectrometry of the identical supernatants revealed
that S1P had been released (90 + 41 pmol S1P per 10° mast cells)
resulting in a 64.73 £ 7.95nM S1P concentration in the mast cell
supernatants that the HUVEC had been exposed to. Another
proof of biologically active S1P being present in the mast cell
supernatants was their ability to activate Erk MAPK in S1P;-
overexpressing CHO cells and the inhibition thereof by a S1P,
antagonist (Supplementary Fig. 7).

Rolling is increased in endothelial S1P; deficiency. Finally, we
examined leukocyte rolling in mice deficient for the
endothelial S1P; receptor (S1PSCL-Cre-ERTy - and  observed
it to be increased compared with respective controls (Fig. 7a).
Furthermore, administration of FTY720 reduced rolling in
§1PSCL-Cre-ERT mjce to the same lower than basal levels observed
with FTY720 in control mice and C57BI6 mice, respectively, and
SIP;/~ mice (Fig. 7b). Microvascular and haemodynamic
parameters as well as rolling velocities were unaffected (Table 1
and Supplementary Fig. 1). Interestingly,
the highly specific S1P; agonist AUI 954 (ref. 48) inhibited
forskolin-induced C17-S1P generation in HUVEC in vitro
along with inhibiting cAMP generation (Supplementary Fig. 8).
These results suggest that S1P; negatively regulates cAMP-
stimulated Sphkl and by reducing S1P generation possibly
inhibits P-selectin-dependent rolling, hence acting as an oppo-
nent to S1P;.

Discussion

Our study reveals the following six important and novel findings
(Fig. 8): (1) we provide evidence that SI1P is a direct agonist of
P-selectin mobilization and leukocyte rolling; (2) we identify S1P;
as the major responsible S1P receptor; (3) we show that several
P-selectin agonists employ S1P and S1P; as mediators of their
P-selectin-mobilizing effects by activating Sphkl; (4) we
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characterize a novel cAMP-dependent mechanism of Sphkl
activation and P-selectin mobilization; (5) we identify a rolling-
inhibitory effect of endothelial S1P;; and (6) we show that
pharmacological inhibition or downregulation of S1P; for
example by FTY720 attenuates leukocyte rolling in a physiolo-
gical setting. Only few studies have addressed S1P in the context
of processes related to leukocyte rolling: (1) S1P has been
demonstrated to both induce and inhibit the exocytosis of von
Willebrand factor through different pathways*’; (2) Sphk1 was
suggested to play no role in basal leukocyte rolling but to promote
rolling after exogenous histamine administration'®; (3) although
S1P promoted firm neutrophil adhesion in vitro®®, neutrophil
recruitment was inhibited during acute inflammatory lung injury
in S1P lyase-deficient mice®!, with S1P lyase inhibitors®? and by
S1P administration®>, respectively, and (4) FTY720 was shown to
suppress neutrophil recruitment in several disease models>>>>,
This has made general conclusions on the role of SIP and its
receptors in leukocyte rolling or their mode of action rather
difficult.

Our findings add some new evidence that helps to better
understand the role of S1P in rolling. First, it is crucial to
distinguish acute S1P effects on pre-stored P-selectin occurring
within minutes from SIP effects on cytokine-induced P-selectin
transcription that takes hours. Second, the acute S1P effects on
P-selectin are different from those caused by continuous
exposure to high S1P levels or the lack of S1P receptors. Third,
the effects of SIP analogues such as FTY720 may differ
considerably from the effects of genuine SI1P at the receptor

level®. In respect to rapid P-selectin mobilization, we have clearly
shown that SIP is a direct P-selectin agonist and leads to
increased P-selectin-dependent leukocyte rolling within minutes
of its direct administration into the circulation. It is known that
despite the high amounts of S1P already present in the blood,
intravascular injection of S1P can still cause functional effects on
the endothelium such as attenuation of vascular leakage,
vasodilatation and protection against reperfusion injury>>>%>7,
Accordingly, the reduced leukocyte rolling we observed after
pharmacological S1P; inhibition and in SIP3_/ ~  mice,
respectively, are strong arguments for the causal and
direct positive contribution of endothelial SIP signalling to
P-selectin-dependent leukocyte rolling. However, we have also
found evidence that endothelial S1P; plays an opposite role in
rolling as its deletion led to a rolling increase. However, the
pro-rolling effect of S1P; appears to be dominant over the
anti-rolling effect of S1P; as the net effect of acute intravascular
S1P administration in wild-type mice (where both receptors
are being engaged) was an overall increase in rolling. However, in
the absence of S1P;, anti-rolling effects of S1P; may also
contribute to the reduction in rolling. In fact, there was a
minor but significant increase in rolling with FTY720 in S1P;
deficiency that may have occurred because of S1P,
downregulation by FTY720. Accordingly, in the absence of
endothelial S1P;, the increase in rolling may be due to a
combination of the loss of anti-rolling S1P; effects and the still
intact and potent pro-rolling S1P; effects. Indeed, in SIP; /'~
mice, FTY720 inhibited rolling to lower than basal levels.
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We have identified two possible sources of endogenous S1P
involved in P-selectin mobilization in our model: interstitial mast
cells and endothelial cells (Fig. 8). Interstitial mast cell activation
following mechanical cremaster muscle manipulation is entirely
responsible for the leukocyte rolling occurring there, and histamine
release accounts for ~50% of it (ref. 29). As S1P can be released by
allergically activated mast cells*®, and gh;fsical stimuli such as
pressure and heat can activate mast cells*>*”, we hypothesized that
S1P may be another mast cell product contributing to the remaining
part of leukocyte rolling. The physical stimulus we employed to test
this in mast cells was a short, harmless temperature elevation%4,
Indeed, we found them to release S1P within minutes that mobilized

8

P-selectin in HUVEC in part in a S1P;-dependent manner.
Whether this occurs in vivo and actually contributes to leukocyte
rolling in our model should be addressed by future studies.
Although platelets are the major source of P-selectin, elaborate
studies have shown that platelet P-selectin does not play a role in
leukocyte rolling®®>?, and, in our hands, SIP had no effect on basal
or thrombin-stimulated P-selectin in platelets; neither was platelet
activation altered in Sphk1 ~/~ mice (Supplementary Fig. 9).

We have identified endothelial cells as the second source of
endogenous S1P capable of inducing P-Selectin mobilization.
Sphkl activation has been known to occur after stimulation with
inflammatory cytokines as well as histamine; however, the pathway
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by which it contributes to rolling has remained unclear'®. We
provide evidence that S1P produced by histamine-activated Sphkl
contributes to full-blown histamine mobilization of P-selectin
through S1P;. The evidence stems from two observations: (1) the
partial inhibition of P-selectin mobilization after histamine by the
blockade of Sphk1 or S1P; and (2) the elimination of the inhibitory
effect of Sphkl blockade on P-selectin by exogenous SIP.
Coincidently, the S1P; receptor, the H1 histamine receptor and
the thrombin PAR-1 receptor! not only all mobilize P-selectin but
also couple to Gg; on the other side, pharmacological G inhibition
has been shown to inhibit P-selectin exocytosis at least in
platelets®®. This offers a plausible explanation of why S1P; effects
have gone unnoticed in experiments employing H1 blockers or G4
inhibitors. Our finding that endothelial-specific G,/;; —/— mice
have reduced P-selectin-dependent leukocyte rolling can certainly
be explained by the blockade of several Gg-coupled receptors
including S1P;. Indeed, all these agonists have their own S1P-
independent pathways of inducing P-selectin as neither S1P; nor
Sphkl deletion/inhibition was able to completely inhibit P-selectin
mobilization. However, part of the histamine effect can be
attributed to S1P;. Our observation that rolling could not be
reduced any further by pharmacological S1P; inhibition in
Gg11 —/ — mice argues that G, mediates the pro-rolling effect
of S1P;. The site of action of SIP released by interstitial mast cells
or by endothelial cells exposed to histamine from the same mast
cells would primarily be on the abluminal side of the vascular
endothelium. This complies with an oriented signalling mode as

the abluminal side should be reached first by any locally released
interstitial agents. This scenario is in line with the dynamic
signalling model proposed by Camerer et al.” of how abluminal
S1P signalling maintains endothelial integrity despite high S1P
levels in blood.

We were also intrigued by the observation that not only
histamine but another P-selectin-mobilizing agonist such as
epinephrine*! that couples with G, and not G, employed Sphk1
and S1P; for full-scale P-selectin mobilization (Fig. 8). We have
demonstrated that epinephrine also activated Sphkl but through a
cAMP-dependent mechanism and — similar to histamine — also
employed SIP and S1P; to help mobilize P-selectin. Indeed, direct
stimulation of Sphk1 by forskolin (as measured by the conversion
of C17-sphingosine to C17-S1P) mobilized P-selectin through S1P;
in vitro and induced leukocyte rolling in vivo. In agreement with a
role for cAMP, forskolin has been shown to activate Sphkl in
pheochromocytoma cells years ago*?. However, S1P; or Sphkl
inhibition did not completely abrogate the effects of epinephrine or
forskolin, suggesting that there must be additional pathways of
how cAMP mobilizes P-selectin?!. Interestingly, the pathway of
cAMP-stimulated Sphkl provides a putative mechanism of how
S1Py, with its established inhibitory effect on cAMP generation?,
may be exerting its antirolling effect. Indeed, the highly specific
S1P; agonist AUI 954 (ref. 48) inhibited C17-S1P generation after
forskolin along with lowering cAMP (Supplementary Fig. 8). This
suggests that S1P; may be attenuating cAMP-induced Sphkl
activation in a negative-feedback manner, thereby restricting the
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amounts of S1P available for P-selectin mobilization by S1P;. The
reduced leukocyte rolling we have observed in Sphkl ~/~ mice is
in line with Sphkl/SIP serving as a general transmission/
amplification hub for different incoming P-selectin mobilization
signals. While the S1P; receptor has often been implicated in
Sphkl signalling, there is to our knowledge only scarce evidence
for an involvement of S1P; in conveying Sphk1 signals: only one
study has implied S1P; as a mediator of thrombin-induced Sphkl
effects in dendritic cells®'. The requirement of S1P; for full
efficiency of several P-selectin agonists may also serve another
purpose: S1P; downregulation or desensitization after engagement
by endogenous S1P may help ameliorate excessive P-selectin
stimulation and help turn it off.

Acute SI1P effects on P-selectin mobilization should be
distinguished from those caused by continuous exposure to S1P
or S1P analogues. High S1P levels after S1P lyase inhibition or
deficiency and administration of FT'Y720 have been shown to
downregulate SIP receptors’®>%3 including S1P5 (ref. 64) and
impair lymphocyte trafficking. Accordingly, the reduced
neutrophil recruitment found in S1P lyase-deficient mice®' or
after FTY720 treatment®>* may be due to downregulation of
S1P;. In line with this, we have observed that FTY720 had no
additional inhibitory effect on rolling in SIP;/~ mice.
However, another mechanism may also be involved: we have
previously shown that pFTY720 is a potent inhibitor of Gg-
mediated S1P-induced S1P; signalling®. In the present study, we
extended this observation to P-selectin mobilization by S1P;.
Thus, both mechanisms could be taking place simultaneously as:
(1) preincubation with pFTY720 abolished S1P-induced
P-selectin mobilization in endothelial cells as well as S1P;-
dependent S1P signalling in S1P;-CHO cells; (2) pFTY720 had
a minor and very short-lived positive effect on P-selectin
compared with S1P, while (3) its simultaneous application
together with SIP abolished P-selectin mobilization by SIP. In
line with this interpretation, another P-selectin-dependent
process, the recruitment of early thymic progenitors to the
thymic endothelium, has been shown to be inhibited by FTY720
(ref. 65), although the responsible receptor was not identified.

In summary, our study suggests an important role for SIP and
S1P; in the induction of rapid endothelial P-selectin mobilization
and consecutive P-selectin-dependent leukocyte rolling. S1P
acts thereby both directly as an agonist and, indirectly, as a
contributor to P-selectin mobilization by other P-selectin
agonists.

Methods

Mice. SIP;/~ mice were provided by Jerold Chun, Scripps Research Institute to
B.L. and crossbred to C57BI6] for more than six generations. SphkI =/~ mice were
provided to M.H.G. by Richard Proia (NIH) and Tie2-Cre-ER(T2); Go:g‘”‘/ﬂ‘”‘;
Gouy; —/— were from S.O. Mice deficient for the endothelial S1P; receptor were
generated by crossbreeding S1Pfox/flox 1iceS6 with endothelial-SCL-Cre-ERT mice,
in which the tamoxifen-inducible Cre-ERT recombinase is driven by the
5'-endothelial enhancer of the stem cell leukaemia (SCL) locus®’ (Supplementary
Fig. 11). Cre-negative SIP{CL-Cre-ERT Jittermates treated with the same tamoxifen
regimen were used as controls. Recombination was induced by daily intraperitoneal
injections of tamoxifen (40 mg per kg body weight) for five consecutive days, and
the experiments were performed 6 weeks later. Successful recombination was
shown in lung endothelial cells isolated using CD31-coated magnetic beads
(Dynabeads) by site-specific PCR for the excised exon. All mice used in the study
were male and at least 10 weeks of age. All procedures were performed in
accordance with the institutional guidelines for health and care of experimental
animals and were approved by the Regierung von Baden Wiirttemberg and
Oberbayern, respectively.

Substances and antibodies. S1P was purchased from Enzo Life Science. The S1P;
inhibitors TY-52156 (Supplementary Fig. 2) and FTY720 were synthesized as
described®2. AUY 954 was a kind gift from Klaus Seuwen (Novartis). In vivo,
FTY720 and TY-52156 were applied intraperitoneally at 1.25 mg per kg and
forskolin at 1.3 mg per kg body weight 30 min or 24 h before the experiment as
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indicated. SIP was injected via a carotid artery catheter at 30 ug per kg body
weight (125 pM S1P solution in 2% BSA per 0.9% NaCl). The S1P lyase inhibitor
DOP (Sigma Aldrich) was supplemented in the drinking water (30 mgl 1) for

1 week. W146 and C17 sphingosine were from Avanti polar lipids, the

SKi 4-[[4-(4-chlorophenyl)-2-thiazolylJamino]-phenol (SKi, SKI II and SPHK 12),
pFTY720, SEW2871 and U73122 from Cayman Chemical Co; epinephrine from
Sanofi Aventis; forskolin from Calbiochem; IBMX, cpt-cAMP, diphenhydramine
and cimetidine from Sigma Aldrich; and thapsigargin from AppliChem. S1P,-CHO
and S1P;-CHO cells were from Novartis. The following antibodies were used:
CD62P-PE (phycoerythrin) anti-mouse (eBioscience, 12-0626-82, 3:100),
CD4-PE anti-mouse (eBioscience, 12-0041, 1:100), CD8-PE anti-mouse
(eBioscience, 12-0081, 1.4:100), Ter119-PE anti-mouse (Miltenyi, 130-091-783,
3:100), Ly6G&Ly6C-PE anti-mouse (BD Pharmingen, 553128, 1.6:100), CD45R-PE
anti-mouse (BD Pharmingen, 553089, 1.6:100), CD34-AlexaFluor700 anti-mouse
(BD Pharmingen, 1.6:100), CD16/32-PerCpCy5.5 anti-mouse (BD Pharmingen,
560540, 1.65:100), LyA/E-FITC anti-mouse (BD Pharmingen, 557405, 1.1:100),
CD117-PE-Cy7 anti-mouse (BD Pharmingen, 558163, 1.7:100), CD450-V450
anti-mouse (BD Pharmingen, 560697, 1.8:100) and P-selectin glycoprotein ligand-
1-PE anti-mouse (BD Pharmingen, 555306, 1:1,000). The P-selectin-blocking
rat-anti-mouse monoclonal antibody RB40.34 was a generous gift from Dietmar
Vestweber (MPI Miinster).

Flow chamber assay for rolling on immobilized P-selectin. Rectangular glass
capillaries (0.4 x 0.04 mm, VitroCom) were used for ex vivo flow chamber
experiments as described?!. Chambers were coated with recombinant murine
(rm)P-selectin (CD62-P, 20 ugml ), R&D Systems). Following overnight
incubation at 4 °C, flow chambers were blocked with 5% casein (Sigma-Aldrich) in
PBS for 2h. For experiments, one end of the chamber was attached to a carotid
artery catheter, while the other was left open to regulate blood flow through the
microflow chamber. Microscopy was performed using a modified Olympus BX51
upright microscope (LaVision Biotec) with a saline immersion objective (40/0.8
numerical aperture (NA), Olympus). Leukocyte rolling was recorded over 10 min
per microflow chamber with a CCD (charge-coupled device) video camera (model
CF8/1; Kappa) connected to a Panasonic S-VHS recorder and analysed offline.

Intravital microscopy of the cremaster muscle. Intravital microscopy of post-
capillary venules of the mouse cremaster muscle was used to study leukocyte rolling
under different inflammatory conditions?>>?”. Briefly, mice were anaesthetized by
intraperitoneal injection of ketamine and xylazine (100 and 20 mg per kg body
weight, respectively), after which a tracheal tube was inserted and the carotid artery
cannulated for blood sampling and systemic application of substances. Thereafter,
the scrotum was opened, the cremaster muscle exteriorized, spread over a cover
glass and superfused with warmed (35 °C) bicarbonate-buffered saline. Observation
of postcapillary venules was conducted on an upright microscope (Olympus BX51)
with a saline immersion objective ( x 40/0.8 NA). To abolish P-selectin-dependent
rolling, the P-selectin-blocking monoclonal antibody RB40.34 (30 g per mouse)
was diluted in 200 pl saline and injected via the carotid artery catheter. Experiments
were recorded via a CCD camera system (model CF8/1; Kappa) on a Panasonic
S-VHS recorder. Systemic blood samples (10 pl) were obtained before and during
the experiment, stained using Turck’s solution and assessed for white blood cell
count using a haemocytometer. Data analysis was performed offline using the video
tapes from in vivo experiments. Diameter, segment length of postcapillary venules
and venular centreline blood flow velocity were assessed using a digital image-
processing system and a digital online cross-correlation programme, respectively
(Circusoft Instrumentation)?%. Leukocyte rolling flux fraction was calculated from
the number of rolling cells that crossed a perpendicular line through a given vessel
within 1 min in relation to the total number of circulating leukocytes.

Whole-mount immunohistochemistry. For immunohistochemical detection of
luminal endothelial P-selectin expression in cremaster muscle whole mounts,
primary monoclonal antibody against P-selectin RB40.34 (30 ug per mouse) was
systemically injected after 20-min superfusion of the exteriorized right cremaster
muscle ensuring binding to P-selectin on the luminal vessel surface. To remove
excess antibody, the inferior vena cava was cut and animals were perfused with
10 ml of 0.9% NaCl. The left cremaster muscle was exteriorized post mortem to
serve as unstimulated negative control. The cremaster muscles were then mounted
on adhesive slides (Superfrost), transferred into — 20° acetone over night and
stored at — 80 °C until further processing. For staining of P-selectin expression,
cremaster whole mounts were permeabilized with saponin (0.03% in Tris-buffer)
and incubated with 2 pgml ! biotinylated secondary goat anti-rat IgG (Southern
Biotechnology Associates Inc, Cat. No 3030-08). Detection of antigen-antibody
complexes was carried out with a commercial biotinylated horseradish peroxidase/
avidin complex (Vectastain ABC, Vector Laboratories) according to the manu-
facturer’s instructions. Slides were counterstained using Mayer’s Hemalaun and
analysed using a Zeiss microscope with a x 100, 1.4 NA oil immersion objective.

P-selectin mobilization in HUVEC. HUVECs (passage 1-4) were cultured in 20%
human serum/RPMI. After incubation in serum-free medium for 4 h, cells were
stimulated with histamine (0.25 or 25 uM), S1P (1 uM), SEW2871 (1 uM) and
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epinephrine (9 uM)/IBMX (100 nM), respectively, for the indicated times. Before
histamine or S1P stimulation, the S1P; inhibitor TY-52156, SKi or phosphorylated
FTY720 (10 uM) were added for 30 min; with forskolin, inhibitors were added

10 min before stimulation. Five minutes before the end of the experiment, PE-
conjugated anti-P-selectin antibody (eBioscience; 1.6:100) was added directly into
the 500 pl of incubation medium after which the cells were washed twice and
analysed immediately by flow cytometry.

Stimulation with supernatants of activated mast cells. Mouse peritoneal mast
cells were isolated by a Percoll gradient as described®® and characterized as
CD457", Lin~ (CD45R, Ly6G, Ly6C, Ter119, CD4 and CD8), CD117 ", Sca-1 7,
CD16/32% and CD34 ™ cells by flow cytometry and consecutive toluidine blue
staining®®%. The yield was 0.05-0.1 x 10® mast cells per mouse. All peritoneal cells
were incubated with 10 pM sphingosine for 30 min at 37 °C before the Percoll
gradient isolation procedure. Stimulation was performed by adding 250 pul warm
(53°C) 2% BSA/alphaMEM to 0.5 x 10® mast cells and subsequent incubation for
2min at 53 °C as described*®*”, For stimulation of HUVEC, 100 pl of the mast cell
supernatant was supplemented with diphenhydramine and cimetidine (10 pM
each) and added to confluent HUVEC cultured in 200 pl RPMI for 10 min. PE-
conjugated anti-P-selectin antibody was added directly into the 300 pl at the time
of stimulation. Cells were washed twice with serum-free medium, trypsinized and
analysed by flow cytometry.

Measurements of Sphk1 activity using C17-sphingosine. Five pM C17-sphin-
gosine was added together with 10 uM forskolin to HUVEC in RPMI with 2 mg per
ml BSA fraction V (Serva) for 30 min. Cells were washed extensively and lysed in
50 mM Tris/HCI (pH 7.5), 0.5%NP-40, 10% glycerol, 250 mM NaCl, 5mM EDTA,
0.5mM phenylmethyl sulphonyl fluoride, 5 pg ml~! leupeptin and aprotinin.
Protein concentration was measured using the Pierce BCA Protein Assay Kit
(Thermo Scientific). C17-S1P was determined by mass spectrometry as described””
and expressed per milligram cell protein.

Statistics. For pair-wise comparison between experimental groups, a Wilcoxon
rank sum test or paired Student’s t-test was performed. For multiple comparisons, a
Kruskal-Wallis nonparametric analysis of variance on ranks was performed fol-
lowed by Dunn’s post hoc test. A P value <0.05 was considered statistically sig-
nificant. All statistical analyses were carried out with GraphPad Prism 5.2
(PraphPad Software Inc, La Jolla). Data are presented as mean * s.e.m. Sample size
has been provided for each experiment in the figure legend (no exclusion criteria,
randomization or blinding).
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ABSTRACT

Attenuation of the immune response contributes to the
high rate of neonatal infections, particularly in prema-
ture infants. Whereas our knowledge of innate immune
functions in mature neonates is growing, little is known
about the ontogeny of neutrophil recruitment. We in-
vestigated neutrophils and ECs in the course of gesta-
tion with respect to rolling and adhesive functions. With
the use of microflow chambers, we demonstrate that
the neutrophil’s ability to roll and adhere directly corre-
lates with gestational age. These adhesion-related abil-
ities are very rare in extremely premature infants (<30
weeks of gestation), which may correlate with our ob-
servation of markedly reduced expression of PSGL-1
and Mac-1 on neutrophils in preterm infants. In parallel,
the capacity of HUVECs to mediate neutrophil adhesion
under flow increases with gestational age. In addition,
HUVECSs from extremely premature infants exerting the
lowest ability to recruit adult neutrophils show a dimin-
ished up-regulation of E-selectin and ICAM-1. Finally, by
following neutrophil function postnatally, we show that
maturation of PMN recruitment proceeds equivalently
during extra- and intrauterine development. Thus, PMN
recruitment and EC adhesion-related functions are on-
togenetically regulated in the fetus, which might con-
tribute significantly to the high risk of life-threatening
infections in premature infants. J. Leukoc. Biol. 93:
175-184; 2013.

Introduction

Severe infections remain a leading cause of neonatal morbidity
and mortality, despite advances in intensive care medicine and
the early use of antibiotics. It is estimated that worldwide, over 1
million neonates die annually due to overwhelming infections

[1]. The incidence of sepsis correlates inversely with the gesta-
tional age of the infants, and premature infants, in particular,
show a unique susceptibility to (bacterial) pathogens with second-
ary sepsis rates ranging from 22% to 36% in very low birth-weight
neonates and up to 62% in extremely premature infants [2-4].
In addition to extrinsic factors, such as invasive procedures and long
hospital stays, an immaturity of the immune system is thought to
account for the increased rate of neonatal infections [5].

During infection, PMNs play a crucial role in the early innate
immune response [6]. The importance of these cells for host de-
fense against invading microorganisms is underscored by the
high risk of infections in patients with neutropenia or neutrophil
disorders [7, 8]. This is particularly relevant for neonates, as it
has been shown that they largely depend on the innate immune
system for protection against sepsis, whereas the adaptive im-
mune system initially has a minor role [9]. To fight pathogens,
neutrophils are recruited from the vasculature into infected tissue
in a multistep adhesion process involving a complex interplay of
adhesion molecules with their respective ligands located on the
neutrophil membrane and on ECs [10]. First, circulating PMNs
are captured and begin to roll along the vessel wall through se-
lectins (P-, E-, and L-selectin), binding to selectin-ligands, such as
PSGL-1 [11, 12]. During rolling, neutrophils come in close con-
tact with chemokines presented on inflamed endothelium, which
bind to specific chemokine receptors on the neutrophil surface,
leading to a conformational change and activation of neutrophil-
expressed 32 integrins (inside-out signaling). This results in firm
neutrophil arrest, a prerequisite for subsequent transmigration of
the cells into tissue [10]. At present, our detailed understanding
of the PMN recruitment cascade is based primarily on studies
performed on adult organisms [10]. It has long been known that
there are distinct differences between neonates and adults in
neutrophil adhesiveness and migratory behavior [13]. However,
our knowledge about the ontogeny of neutrophil recruitment in

Abbreviations: EC=endothelial cell, FOV=field of view, h=human, Mac-
T=macrophage-1 antigen, MFI=mean fluorescence intensity, PSGL-
1=P-selectin glycoprotein ligand-1, VE=vascular endothelial, VWF=von
Willebrand factor
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the developing fetus remains incomplete. Animal experiments
addressing this matter are scarce, have been performed primarily
in nonmammalian organisms, but indicate an impaired response
of the innate immune system during fetal development [14, 15].
These findings parallel the clinical observation of an inverse rela-
tionship between sepsis incidence and gestational age, with high-
est infection rates found in extremely premature infants. How-
ever, so far, it is still unclear whether PMN recruitment in human
fetuses is subjected to a similar maturation process of the im-
mune system during gestation and whether this maturation pro-
cess can be accelerated following premature delivery.

In the present study, we investigated the recruitment of
PMN from premature and mature human neonates. Our ex-
periments reveal that the neutrophil’s ability to roll, adhere,
and express adhesion molecules increases significantly with
gestational age. Intriguingly, the maturation of PMN recruit-
ment during fetal development is not dependent on intrauter-
ine factors, as comparisons of PMN function between prema-
ture infants with the same postconceptional but a different
postnatal age demonstrated. In addition, we observed a corre-
sponding reduced capacity of ECs from premature infants to
up-regulate adhesion molecules and to induce PMN recruit-
ment upon LPS stimulation, thus identifying another neonatal
deficiency potentially contributing to the pathogenesis of se-
vere infections in premature infants.

MATERIALS AND METHODS

Sample collection and study population

All neonates included in the study were delivered by Caesarean section.
Umbilical cord blood and a piece of the umbilical cord were collected im-
mediately after delivery. Exclusion criteria were maternal HIV infection,
congenital malformations, or suspected syndromes, vaginal delivery, and
familial immune diseases. Peripheral venous blood from infants and
healthy adult volunteers was drawn by venipuncture. Standard blood collec-
tion tubes (S-Monovette, Sarstedt, Nimbrecht, Germany) containing triso-
dium citrate were used for anticoagulation of blood samples.

Based on their gestational age, as estimated by the date of the last men-
strual period and by ultrasound measurements, infants were grouped into
extremely premature infants (=30 completed weeks of gestation), moder-
ately premature infants (30+1-36+6 weeks of gestation), and mature neo-
nates (>37 completed weeks of gestation). Because of small sample vol-
umes, especially in the extremely premature infant group, we were unable
to perform all measurements on each individual. The exact number of sub-
jects for each experiment is given in the figure legends. We recorded base-
line characteristics, including gender and birth weight; clinical data, such
as antenatal steroid treatment; and the reason for prematurity or Caesar-
ean section, as well as laboratory values (cord blood pH, differential blood-
cell count, C-reactive protein).

Isolation of PMNs

As leukocyte and differential counts vary largely among different neonatal
age groups, we isolated PMNs from the umbilical cord or peripheral ve-
nous blood for standardization of experimental conditions. Whole blood
was layered onto a Ficoll density gradient (LSM 1077; PAA Laboratories
GmbH, Coelbe, Germany) and centrifuged (1200 g, 20 min, room tempera-
ture). The resulting erythrocyte-granulocyte pellet was washed twice in Dul-
becco’s PBS (1X, without Ca®* and Mg®*; Invitrogen GmbH, Darmstadt,
Germany) before lysis of erythrocytes by addition of hypotonic buffer (0.15
M NH,CI, 0.01 M NaHCO, ", 0.001 M EDTA, in Aqua ad injetabilia) for 7
min. The remaining granulocytes were washed twice, resuspended in 1 ml
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PBS, and counted in a Neubauer chamber using Turks solution (Merck,
Darmstadt, Germany). By this method, we achieved 76% (premature in-
fants) to 96% (adults) purity and >90% viability of cells. For some experi-
ments, whole blood from adult donors was pretreated with bethamethasone
(0.02 pg/ml; Celestan, Essex Pharma GmbH, Munich, Germany) for 1 h
before isolation of PMN.

Isolation and culture of HUVECs

ECs were isolated from the umbilical cord vein using collagenase A (1 mg/
ml; Roche Diagnostics GmbH, Mannheim, Germany), as reported previ-
ously [16]. The cells were resuspended in EC growth medium, supple-
mented with 10% FCS, basic fibroblast growth factor (1.0 ng/ml), EC
growth supplement/heparin (0.004 ml/ml), endothelial growth factor (0.1
ng/ml), hydrocortisone (1.0 ug/ml), and phenol red (0.62 ng/ml; all Pro-
moCell GmbH, Heidelberg, Germany) and 1% penicillin/streptomycin
(10,000 U/10 mg/ml; PAA Laboratories GmbH), and grown in standard
cell culture dishes. When confluent, cells were harvested using trypsin/
EDTA (0.5 mg/0.22 mg/ml; PAA Laboratories GmbH) and cultured fur-
ther in Medium 199 (Invitrogen GmbH) containing 10% FCS. For flow
cytometry, cells of Passage II were collected by use of EDTA (5 mM;
Merck) alone. For flow chamber assays, cells of Passage II were transferred
into microflow chambers (u-Slide VI ibiTreat; ibidi, Martinsried, Germany)
and grown to confluence overnight. In some cases, freshly isolated
HUVEGs were incubated with betamethasone (0.02 ug/ml; Celestan, Essex
Pharma GmbH) for 12 h and processed further as described above.

Flow chamber experiments

To analyze PMN recruitment, we used an in vitro flow chamber assay. For
this purpose, glass capillaries (2X0.2 mm; VitroCom, Mountain Lakes, NJ,
USA) were assembled into microflow chambers, as described previously
[17]. To assess PMN rolling, the flow chambers were coated with rhP-selec-
tin (CD62-P, 5 ug/ml; R&D Systems, Wiesbaden-Nordensteadt, Germany)
or rhE=selectin (CD62-E, 5 ug/ml) in PBS with 0.1% BSA (PAA Laborato-
ries GmbH). For adhesion studies, a combination of selectin (rhP-selectin
10 mg/ml or rhE-selectin 4 mg/ml), chemokine rhCXCL8 (IL-8, 10 pg/
ml; R&D Systems), and integrin-ligand rhICAM-1 (CD54, 4 pg/ml; R&D
Systems) was used. After overnight incubation, the flow chambers were
blocked with 5% casein (from bovine milk; Sigma-Aldrich, Munich, Ger-
many) in PBS for 2 h at room temperature and flushed with PBS. For neg-
ative controls, we used four approaches: chemokine or selectin omission,
addition of EDTA to the cell suspension, and coating with PBS/0.1% BSA
alone. Before the experiments, the isolated PMNs were resuspended in
DMEM (low glucose without glutamine; Invitrogen GmbH), containing 1%
BSA, CaCl, (1 mM), and MgCl, (1 mM), to a calculated concentration of
250,000 cells/ml (rolling assay) or 500,000 cells/ml (adhesion assay). The
cell suspension was flushed through the flow chamber using a high-preci-
sion syringe pump (Harvard Apparatus, Holiston, MA, USA) at a flow rate
of 0.115 ml/min, resulting in a shear stress of ~1 dyne/cm2 [17].

In other experiments investigating the contribution of neonatal ECs to
PMN recruitment, we stimulated HUVECs grown in ibidi flow chambers
(3.8X4 mm, p-Slide VI) with LPS (10 ug/ml, LPS from Escherichia coli
0111:B4; Sigma-Aldrich) for 4 h. After washing with HBSS (Pharmacy of
the University Hospital Munich, Germany), the chambers were connected
to a PE 50 tube (intramedic polyethylene tubing, inner diameter 0.58 mm;
outer diameter 0.965 mm; Becton Dickinson, Franklin Lakes, NJ, USA) and
perfused with PMNs from a healthy adult donor at a concentration of
250,000 cells/ml and a rate of 0.91 ml/min, resulting in a shear stress of
~1.6 dyne/cm? based on the manufacturer’s description (ibidi Application
Note #11; www.ibidi.com).

Microscopy and data analysis

The flow chamber studies were performed on an upright microscope
(BX51; Olympus, Hamburg Germany) with a saline immersion objective
(XLUMPIlanFl, 20X, 0.95 NA) or on an inverse microscope (IM35, Nikon
Fluor 20X, 0.75 NA; Zeiss Microlmaging GmbH, Munich, Germany) for
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observation of ibidi chambers. Experiments were recorded for 10 min on a
Super VHS recorder via a charge-coupled device camera (Model CF8/1;
Kappa optronics GmbH, Germany) for later, off-line analysis. PMN rolling
was quantified by counting the number of cells/FOV (740 mm X565 wm),
moving at a velocity significantly lower than the center-line velocity for >30
s. Adherent PMNs were defined as cells that remained stationary for >30 s.

Flow cytometric analysis of adhesion molecule expression

Surface expression of adhesion molecules on PMNs and ECs was measured
by flow cytometry. Isolated PMNs were incubated with primary mAb (all
IgG1 mouse anti-human; BD PharMingen, Heidelberg, Germany) to LFA-1
(CD11a), Mac-1 (CD11b), PSGL-1 (CD162), or CXCR2 (CD182) for 45
min on ice. A PE-labeled goat anti-mouse antibody was used as a secondary
antibody. Unstimulated and LPS-stimulated (4 h, 10 pug/ml) HUVECs of
Passage II were stained with PE-labeled mAb (all IgG1 mouse anti-human;
BD PharMingen) to E-selectin (CD62-E) or ICAM-1 (CD54) for 45 min on
ice. For EC characterization, unstimulated HUVECs were treated with PE-
labeled antibody to PECAM (CD31, IgG1; BD PharMingen) or with unla-
beled primary antibody to vWf (IgGl; Dako, Eching, Germany) with PE-
labeled goat anti-mouse secondary antibody. Measurements were per-
formed on a FACSorter flow cytometer (Becton Dickinson) using the
CellQuest Pro software (Becton Dickinson). The MFI for 10,000 cells/sam-
ple was obtained using log detection settings. All antibodies were normal-
ized against isotype-matched controls.

Immunofluorescence staining

HUVECGs from premature and mature neonates (for isolation procedure,
see above) were grown to confluence in u-Slides (ibidi) and fixed by addi-
tion of 3.7% paraformaldehyde (Applichem, Darmstadt, Germany) in PBS
(Invitrogen GmbH) for 10 min at room temperature. After rinsing with
PBS, cells were blocked with 1% BSA (PAA Laboratories GmbH) in PBS
for 30 min at room temperature. Cells were incubated with primary mono-
clonal mouse anti-human VE-cadherin (CD144, IgG1; eBioscience, Frank-
furt, Germany) for 2 h at room temperature, washed, and incubated with a
secondary Alexa 546-labeled goat anti-mouse antibody (Invitrogen GmbH)
for 2 h at room temperature. After repeated washing steps to remove un-
bound antibody, mounting medium (Permafluor; Beckman Coulter, Fuller-
ton, CA, USA) was added to the channels, and VE-cadherin expression was
detected by confocal laser-scanning microscopy (Leica TCS SP5; Leica Mi-
crosystems, Wetzlar, Germany) using a 40X oil immersion objective (HCX
PLAPO CS 40X /1.25-0.75 oil) and Leica Application Suite software.

Statistical analysis

For multiple comparisons between groups, a Kruskal-Wallis ANOVA on
ranks was used, followed by Student-Newman-Keuls or Dunn’s post hoc
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test, as appropriate. To test for nonlinear correlation, Spearman’s rank cor-
relation coefficient was determined. A P value <0.05 was considered statisti-
cally significant. All statistical analyses were carried out with SigmaStat 3.5
(Systat Software GmbH, Germany). Data are presented as mean * SEM.

Study approval

The study was approved by the local Medical Ethical Committee of the
Ludwig-Maximilians-Universitat (Project 249-08), and informed, written
consent was obtained from the mothers of all participants during preg-
nancy prior to inclusion into the study.

RESULTS

Study population

From 10/2008 to 12/2009, a total of 58 newborns were included
in this study. Infants were classified according to their gestational
age into extremely premature infants (2=20), moderately prema-
ture infants (n=18), and mature neonates (n=19). Reasons for
prematurity were placental insufficiency, premature labor and/or
premature rupture of membranes, pre-eclampsia, HELLP syn-
drome, pathologic Doppler flow, suspected amnion infection,
and twin pregnancy. Baseline characteristics and laboratory data
of the patient groups are given in Table 1. As children were in-
cluded consecutively, the gender distribution among the experi-
mental groups shows some variation. As expected, premature ne-
onates had a significantly lower birth weight than mature neo-
nates. The white blood-cell count and the number of PMNs in
whole blood, as well as the arterial pH value, also differed signifi-
cantly among the groups.

Rolling and adhesion of neonatal PMNs in relation to
gestational age

To assess whether gestational age influences PMN recruitment
under dynamic conditions, we quantified rolling and adhesion of
neutrophils obtained from umbilical cord blood of premature
and mature infants in a microflow chamber system at a shear
stress of ~1 dyne/cm?, resembling a physiological shear stress
found in postcapillary venules in vivo [18]. When looking at
PMNs from adult healthy controls, we observed a continuous in-
crease in the number of rolling cells in P-selectin (Fig. 1A)- and

TABLE 1. Patient Characteristics and Laboratory Values of Umbilical Cord Blood

Extremely premature Moderately premature P value

Data infants infants Mature neonates (ANOVA)
Clinical n = 20 n =18 n =19

Gestational age (weeks) 2783/7+16/7 324/7 +15/7 384/7+10/7 n.a.

Birth weight (g) 1043 = 240 1825 = 382 3378 * 448 <0.001

Female/male 6/14 6/12 9/10 n.a.
Laboratory n=17 n=15 n =16

WBC (G/1) 7.7+t49 75 *33 15.5 £ 6.9 <0.001

PMN (%) 31 = 22 30 = 12 50 = 12 0.018

Hct (%) 40 =7 43+ 6 47+ 6 n.s.

Platelet count (G/1) 228 + 95 217 * 46 269 * 35 n.s.

CrP (mg/dl) <0.5 <0.5 <0.5 n.a.

Arterial pH 7.27 = 0.09 7.35 + 0.04 7.32 = 0.05 0.029

Please note that laboratory data could not be obtained from each child as a result of small sample volume or sampling errors. Data are given as
mean * SEM. n.a., Not applicable; WBC, white blood-cell count; Hct, hematocrit; CrP, C-reactive protein.

www jleukbio.org

Volume 93, February 2013 Journal of Leukocyte Biology 177



JLB

P-selectin
25
— <30weeks
20 —3 > 30 weeks
8 == mature
e = adult
= 15
=
[a
g 10
°
5
0 . . . . .
min 1 mn3 min5 min7 min 10
B .
E-selectin
20
— < 30weeks
> 15| =3 >30weeks
8 mmm  mature
= = adult p <0.08
=
= 10
=)
£
©
= 5
0 i

min 3 min 5 min7 min 10

min 1

Figure 1. Rolling of neonatal and adult neutrophils under flow. PMNs, iso-
lated from umbilical cord or peripheral venous blood (250x10°/ml), were
perfused through microflow chambers coated with (A) rhPselectin (5 ug/
ml) or (B) rhEselectin (5 ug/ml) for 10 min at ~1 dyne/ cm?, and the
number of rolling cells was quantified. Data are given as mean * sem (n=6/
group). *Significance versus adult control; squared brackets indicate signifi-
cance between experimental groups (P<0.05, ANOVA on ranks).

E-selectin (Fig. 1B)-coated flow chambers during the 10-min ob-
servation period. Compared with adult controls, the number of
rolling PMNs was significantly lower in mature neonates and even
further reduced in premature infants (Fig. 1A and B). Neutro-
phils from extremely premature infants showed almost no rolling
on immobilized P- or E-selectin, suggesting that neutrophil roll-
ing is developmentally regulated during fetal life.

Next, we studied PMN adhesion in flow chambers coated
with a combination of P- or E-selectin, the CXCR2 chemokine
IL-8, and the integrin ligand ICAM-1. We observed that the
ability of neutrophils to adhere under conditions of flow
strongly and significantly depends on gestational age. Whereas
PMNs from extremely premature infants rarely showed adhe-
sion (Fig. 2A and B), there were some adherent cells in the
moderately premature infant group. A further increase in ad-
hesion was seen when PMNs from mature neonates were per-
fused through the chambers. However, even mature neonates
did not reach the levels seen in the adult control group (Fig.
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2A and B). When plotting the number of adherent cells at 10
min against the gestational age of each individual, we found a
highly significant correlation (Fig. 2C). To test whether PMN ad-
hesion is mediated specifically by the immobilized molecules
used in the experiment, we performed control microflow cham-
ber experiments, where the selectin or the chemokine was omit-
ted during coating, chambers were coated with PBS/BSA alone,
or EDTA was added to the perfusion medium to eliminate diva-
lent cations necessary for specific binding. We did not observe
significant numbers of adherent cells from adult healthy donors
in any of the control chambers (Fig. 2D), ruling out nonspecific
PMN adhesion in our assay.

Recruitment of adult PMNs on HUVECs from
premature and mature neonates

For the successful recruitment of PMNs in vivo, neutrophils
need to interact with adhesion molecules expressed on ECs
[10]. It has been shown that age-dependent variations in neu-
trophil recruitment to fetal porcine ECs exist, with a relative
inability of ECs from midgestation fetuses to interact with neu-
trophils under conditions of flow [19]. We assessed whether
ECs isolated from the umbilical cord of premature and mature
infants are capable of supporting recruitment of PMNs iso-
lated from adult healthy controls using the microflow chamber
assay. As expected, we did not observe significant rolling or
adhesion of adult PMNs on unstimulated HUVEGs in any
group (Fig. 3A and B). Upon EC stimulation with LPS for 4 h,
PMN s started to roll and adhere on the HUVEC layer in all
experimental groups. However, the extent of PMN rolling and
adhesion differed significantly between the groups and de-
pended on the gestational age of the neonates (Fig. 3C and
D). After 10 min, the number of cells rolling on HUVECs
from mature infants was nearly fivefold above the numbers
found on HUVEGs from extremely premature infants (Fig. 3A
and C), and the number of adherent PMNs was nearly three-
fold higher (Fig. 3B and D).

Age-dependent expression of adhesion molecules on
fetal PMNs and umbilical cord ECs

As a result of the age-dependent differences observed in PMN
recruitment, we characterized the cells isolated from the um-
bilical vein of premature and mature neonates and quantified
adhesion molecule expression by flow cytometry and confocal
laser-scanning microscopy. Unstimulated cells expressed simi-
lar levels of CD31 and vWF, as well as VE-cadherin, demon-
strating their endothelial nature (Fig. 4A and B). We then
quantitated by flow cytometry the adhesion molecule expres-
sion on umbilical vein ECs from premature and mature neo-
nates. ICAM-1 was expressed constitutively at low levels on un-
treated cells, whereas E- and P-selectin were not detected (Fig.
4C). After stimulation with LPS, expression of E-selectin in-
creased significantly in all groups. However, the amount of
up-regulation was lowest in extreme premature infants. Com-
parably, we found a significant LPS-stimulated up-regulation of
ICAM-1 expression in term neonates, whereas ICAM-1 expres-
sion was less inducible by LPS in premature infants (Fig. 4C).
In line with prior reports showing that LPS does not induce
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Figure 2. Adhesion of neonatal and adult neutrophils under flow. PMNs isolated from umbilical cord or peripheral venous blood (500x10°/ml) were
perfused through microflow chambers coated with (A) P-selectin (10 ug/ml), IL-8 (10 ug/ml), and ICAM-1 (4 pug/ml) or (B) Eselectin (4 ug/ml), IL-8
(10 pg/ml), and ICAM-1 (4 pg/ml) for 10 min at ~1 dyne/cm? and the number of adherent cells was quantified. Data are given as mean * SEm
(n=6/group). *Significance versus adult control; squared brackets indicate significance between experimental groups (P<0.05, ANOVA on ranks).

(C) Correlation of the number of adherent cells in Minute 10 with the gestational age of the neonates (P<0.01, Spearman rank-order correlation). For
comparison, adhesion of adult cells in Minute 10 is plotted. (D) For negative controls, different approaches were used: coating with PBS/BSA alone,
omission of the selectin or the chemokine, and chelation of divalent cations by addition of EDTA (5 mM) to the perfusion medium. Adhesion of PMNs
from adult healthy controls at Minute 10 is depicted (left bar in D is identical to black bar, min 10, in A; n=2-3/group).

P-selectin surface expression in HUVECs [20], we were not
able to detect any P-selectin on LPS-stimulated HUVECs by
means of flow cytometric analysis (not shown).

Next, we measured the surface expression of adhesion mole-
cules relevant for rolling and adhesion on neonatal and adult
neutrophils. For this purpose, PMNs were quantified for the
selectin-ligand PSGL-1, the chemokine receptor CXCR2, and
the -2 integrins LFA-1 and Mac-1 using flow cytometry (Fig.
4D). Whereas expression levels of CXCR2 and LFA-1 were
identical among our experimental groups, we found that
PSGL-1 and Mac-1 surface expression was reduced significantly
in extremely premature infants compared with adult controls.
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The expression of these molecules subsequently increased with
advancing gestational age (Fig. 4D), suggesting that reduced
expression of PSGL-1 and Mac-1 contributes to reduced neu-
trophil rolling and adhesion during fetal development.

Influence of antenatal steroid treatment on PMN and
HUVEC functions

Acceleration of fetal lung maturation by betamethasone treat-
ment of pregnant women with impending preterm delivery is
nowadays standard clinical practice [21, 22]. In our patient
cohort, 89% of extremely premature infants and 72% of mod-
erately premature infants were exposed to antenatal maternal
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steroid treatment. To exclude the possibility that such expo-
sure is responsible for the reduction of PMN recruitment seen
in premature neonates, we performed microflow chamber ex-
periments using adult donor PMNs that were pretreated (1 h)
with betamethasone at a concentration found in the umbilical
cord blood of neonates [23]. Adhesion of betamethasone-pre-
treated adult PMNs in flow chambers coated with P-selectin,
11-8, and ICAM-1 was similar to adhesion observed for un-
treated adult control PMNs (Fig. 5A). In addition, we incu-
bated freshly isolated HUVECs with betamethasone (12 h) be-
fore seeding into flow chambers. HUVECs pretreated with be-
tamethasone supported LPS-induced adhesion of adult PMNs
to the same extent as HUVECs without prior betamethasone
incubation (Fig. 5B). Furthermore, flow cytometric analysis of
LPS-stimulated HUVECs (Passage II) demonstrated that the
LPS-induced up-regulation of E-selectin and ICAM-1 was inde-
pendent of prior betamethasone treatment (Fig. 5C), suggest-
ing that betamethasone does not interfere with neutrophil re-
cruitment in our setup.

Postnatal development of PMN recruitment

Recent reports indicated that neutrophils are subjected to a
postnatal maturation process [24—26]. This prompted us to
investigate the development of PMN recruitment postnatally
and evaluate whether exposure of infants to extrauterine fac-
tors changes the development of PMN function when com-
pared with the situation in utero. To address this, we com-
pared adhesion of isolated neutrophils from premature infants
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born at <30 weeks of gestation directly after birth and 4-6
weeks later using P-selectin-, ICAM-1-, and IL-8-coated flow
chambers. Compared with the adhesion observed for PMNs
isolated directly after birth, PMN adhesion increased signifi-
cantly with advancing postnatal age of the infants (Fig. 6A).
However, this increase in adhesion (extrauterine develop-
ment) was similar to the adhesion observed for PMNs ob-
tained from umbilical cord blood of premature infants born
>30 weeks of gestation (intrauterine development), which
were matched for the same postconceptional age (Fig. 6B).
These findings indicate that extrauterine factors do not seem
to have a relevant influence on the development of neutro-
phil-adhesive capacity, implying that neutrophil maturation
during development follows an intrinsic program rather than
depending on postnatal factors.

DISCUSSION

The recruitment of neutrophils to sites of infection poses a

key event in innate host defense against invading microorgan-
isms. Whereas numerous studies investigating PMN functions
in adult organisms have broadened the general understanding
of this process, our knowledge of the developing innate im-
mune system during gestation remains limited. In the present
study, we analyzed PMN recruitment during human fetal de-
velopment at different time-points of gestation.

Earlier reports have shown that neutrophil rolling and adhe-
sion can be studied under defined conditions in microflow
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Figure 4. Expression of adhesion molecules on neutrophils and HUVECs. Cells isolated from the umbilical vein of premature and mature neonates were
characterized as ECs by their expression of (A) PECAM (CD31) and vWF, as measured by flow cytometry, and (B) VE-cadherin (CD 144, Alexa 546), as
seen in confocal laser-scanning microscopy (40X objective). Data are given as mean * sem (n=3-5/group). (C) Flow cytometric quantification of E-se-
lectin and ICAM-1 surface expression on unstimulated (n=3) and LPS-stimulated HUVECs (n=6). (D) Flow cytometric quantification of PSGL-1,
CXCR2, and Mac-1 (n=5-6) and LFA-1 (n=3-5) surface expression on isolated neonatal and adult PMNs. All data are given as mean * sEm. *Signifi-
cance versus adult control; squared brackets indicate significance between experimental groups (P<0.05, ANOVA on ranks).

chambers, guaranteeing reproducibility of experiments and
comparability among different experimental groups [17]. With
the use of this model, we demonstrate that recruitment of
neutrophils under shear stress is almost absent in extremely
premature infants. With advancing fetal development, the ca-
pability to sufficiently support rolling and adhesion of neutro-
phils increased gradually; however, even mature neonates did
not reach the level of adult controls. This observation is in
line with previous reports demonstrating decreased adhesion
of human neonatal neutrophils under conditions of flow com-
pared with adult neutrophils [27, 28]. Of importance, these
earlier studies only included mature infants and did not take into
account possible ontogenetic differences. Previous reports ad-
dressing neutrophil adhesion and migration in preterm infants
demonstrated a reduction of PMN adhesion and chemotaxis
compared with mature neonates or adults. Yet, the data are con-
troversial in regard to age-dependent differences between prema-
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ture and mature neonates [29-31] and have to be interpreted
carefully, as experiments were performed under static conditions,
altering adhesion and migration properties [32].

Here, we analyzed neutrophil rolling and adhesion under in
vitro settings resembling venous blood flow. Capture and roll-
ing of leukocytes in this setting are mediated by selectin—selec-
tin ligand interactions. For mature neonates, it was described
previously that neutrophil rolling on P- or E-selectin-present-
ing monolayers or on histamine- or IL-1-stimulated HUVECs,
respectively, is impaired compared with adult controls [27,
33]. By analyzing neutrophils isolated from premature infants,
we could expand those earlier findings and demonstrate that
the ability of neutrophils to roll on immobilized P- or E-selec-
tin is even reduced further in extremely premature neonates
and increases progressively with increasing maturity of the in-
fants. The severe reduction of capture and rolling events ob-
served for extremely premature infants is very likely to contrib-
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Figure 5. Influence of betamethasone treatment on experimental PMN recruitment and adhesion molecule expression. (A) Peripheral blood of
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lated HUVEC from mature neonates (n=2) were pretreated with betamethasone (0.02 ug/ml), and LPS-stimulated recruitment of adult PMNs on
HUVECGs was compared with untreated control (=100%, dashed line; four chambers/group). (C) LPSstimulated expression of adhesion mole-
cules on HUVECs pretreated with betamethasone was measured by flow cytometry and compared with untreated control (n=3/group). All data

are given as mean * SEM.

ute to the very low amount of adhesion found in this age
group, as capture and rolling are prerequisites for firm adhe-
sion of cells to the endothelium [34].

In addition, quantitative and qualitative differences in neu-
trophil integrins and selectins are proposed to be responsible
for the reduced recruitment of neonatal neutrophils com-
pared with adults. This includes a decreased basal surface ex-
pression of L-selectin and a defective up-regulation of the -2
integrin Mac-1 (CD11b/CD18) [27, 31, 35, 36]. Likewise, we
observed a clear correlation of Mac-1 surface expression with
advancing gestational age, possibly contributing to the ob-
served correlation of PMN adhesion with gestational age. By
contrast, LFA-1 was already expressed early during gestation
and did not change with advancing maturation of the fetuses.
Despite being reported consistently, the nature of this differ-
ence remains elusive [24, 31, 35]. It has been known for a
long time that integrin expression is regulated differentially in
a cell- and development-specific manner [37]. Whereas LFA-1
expression is controlled mainly through transcriptional activity,
Mac-1 can also be mobilized from intracellular storage pools.
In addition, CD18 and CD11a are widely expressed early dur-
ing leukocyte differentiation, whereas CD11b expression is lim-
ited to the myeloid linage and occurs only at later time-points
during myeloid cell differentiation. As LFA-1 and Mac-1 share
the common B-subunit (CD18), it was suggested that a defi-
cient production of the specific a-subunit (CD11b) may ac-
count for the reduced total cell content of Mac-1 observed in
neonatal neutrophils [35]. This, in turn, may also explain the
impaired basal Mac-1 expression on fetal and neonatal PMNs
and its impaired up-regulation upon stimulation, described in
earlier reports. In addition, it might also be possible that de-
fective storage and/or mobilization from intracellular storage
pools account for the decreased Mac-1 surface expression on
fetal and neonatal neutrophils.

Furthermore, we were able to show that the expression of
PSGI-1, the major selectin ligand on neutrophils, is also depen-
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dent on fetal maturity, as its expression increases during gesta-
tion. As suggested by Tcharmtchi et al. [38], reduced PSGL-1
expression may contribute to the diminished rolling capacity of
neonatal neutrophils. However, the severity of impairment of fe-
tal PMN recruitment observed in this study points toward other
contributing factors. It is possible that our findings may also be
related to a diminished response of neonatal neutrophils to
chemokine stimulation [39]. Although we did not observe differ-
ences in the expression of the chemokine receptor CXCR2,
which mediates intravascular neutrophil activation by the CXCL
chemokine IL-8 [40], we cannot exclude the possible alterations
in intracellular signaling pathways that may affect neutrophil acti-
vation. In this context, it has been reported that downstream sig-
nals involved in LPS-mediated neutrophil activation are attenu-
ated in newborns [41].

As neutrophil recruitment also involves EC adhesive func-
tions, we further analyzed the adhesive properties of neonatal
ECs in the time course of gestation. Our findings clearly dem-
onstrated that EC adhesion-related function depends on gesta-
tional age of the infants and is affected significantly in ex-
tremely premature infants, leading to reduced neutrophil re-
cruitment as compared with mature infants. Our findings are
supported by a comparable study investigating recruitment of
adult neutrophils by fetal porcine ECs isolated at different
time-points of gestation. This study revealed a similar age de-
pendence of neutrophil-endothelial interactions with very
little adhesion of neutrophils to early-gestation fetal EC
[19]. This diminished interaction might, in part, be a result
of alterations in the expression of inflammatory adhesion
molecules on the EC. In this context, it has been reported
that the expression of P-selectin on EC is reduced in prema-
ture human neonates compared with mature newborns and
depends on the degree of maturity of the infants [42]. We
now show that up-regulation of E-selectin and ICAM-1 upon
stimulation with LPS is also reduced in ECs from premature
neonates compared with mature infants. Steroids are known
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Figure 6. Postnatal maturation of PMN recruitment. Postnatal develop-
ment of PMN adhesion in flow chambers coated with P-selectin (10
pg/ml), IL-8 (10 ug/ml), and ICAM-1 (4 ug/ml) was evaluated in the
group of extreme premature infants (born <30 weeks of gestation) in
a follow-up experiment, 4—6 weeks after birth, when the infants had
reached a corrected postnatal age of >30 weeks of gestation (“extra-
uterine development”; hatched bars in (A) and (B)). Results were
compared with (A) adhesion of PMN from those children at birth
(white bars; data taken from Fig. 1) and (B) adhesion of PMN from
moderate premature infants (>30 weeks of gestation) at birth (“intra-
uterine development”; gray bars; data taken from Fig. 1). Data are
given as mean * SEM (n=>5-6). *Significance versus <30 weeks at
birth (P<0.05, rank sum test).

to influence endothelial adhesion molecule expression [43,
44] and alter neonatal neutrophil function [45, 46]. There-
fore, we performed separate experiments to analyze the im-
pact of antenatal betamethasone treatment on neutrophils
and ECs. In our experimental setting, pretreatment with
betamethasone had no negative influence on neutrophil
recruitment, thus supporting the concept of a true inherent
immaturity of the innate immune response rather than a
simple iatrogenic-induced effect.
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The maturation of the PMN-recruitment process observed in
the present study is likely to reflect a physiological adaptation to
changing demands during fetal development [13]. As the intra-
uterine environment is usually sterile, the developing fetus does
not need to mount a strong immune response. In contrast, a
strong inflammatory reaction with production of TH,-polarizing
cytokines at the feto-maternal interface might even lead to the
abortion of the fetus [47]. Toward the end of gestation, however,
functional defenses against extrauterine pathogens become in-
creasingly important. Interestingly, Zhao and coworkers [48]
demonstrated recently in this context that newborn mice are ca-
pable of mounting a hyper-innate immune response compared
with adult animals, resulting in what was termed “cytokine
storm”. All the more, we were surprised to find that the adhesive
properties of fetal neutrophils in extreme premature newborns
were not altered postnatally by exposure to extrauterine factors
(i.e., bacterial colonization of the gut) but showed the same mat-
uration as PMNs from infants that developed in utero, suggesting
that intra- und extrauterine maturation of leukocyte recruitment
are synchronized and regulated mostly by yet-unknown intrinsic
factors that deserve future investigation.

Over the past decades, advances in the medical care of new-
borns have enabled the survival of ever-younger premature in-
fants. This achievement is paid for with an increasing risk of se-
vere infections, especially in extremely premature neonates. The
successful prevention and treatment of neonatal infections are
ongoing clinical challenges, demanding new therapeutic strate-
gies. Further insight into the developmental regulation of fetal
innate immune processes is crucial for a better understanding of
the events taking place during neonatal infection. In conclusion,
our experiments reveal that PMN recruitment in the fetus is sub-
jected to a maturation process that involves neutrophil and EC
functions. In this context, the inability of extremely premature
neonates to sufficiently recruit PMNs is likely to contribute to
their increased susceptibility to life-threatening infections. Future
research is necessary and should be aimed at unraveling the pre-
cise mechanism governing the ontogeny of fetal and neonatal
innate immune responses.
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Maturation of Platelet Function During Murine Fetal
Development In Vivo
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Objective—Platelet function has been intensively studied in the adult organism. However, little is known about the function
and hemostatic capacity of platelets in the developing fetus as suitable in vivo models are lacking.

Approach and Results—To examine fetal platelet function in vivo, we generated a fetal thrombosis model and investigated
light/dye-induced thrombus formation by intravital microscopy throughout gestation. We observed that significantly less
and unstable thrombi were formed at embryonic day (E) 13.5 compared with E17.5. Flow cytometry revealed significantly
lower platelet counts in E13.5 versus E17.5 fetuses versus adult controls. In addition, fetal platelets demonstrated changed
activation responses of surface adhesion molecules and reduced P-selectin content and mobilization. Interestingly, we
also measured reduced levels of the integrin-activating proteins Kindlin-3, Talin-1, and Rap1 during fetal development.
Consistently, fetal platelets demonstrated diminished spreading capacity compared with adults. Transfusion of adult
platelets into the fetal circulation led to rapid platelet aggregate formation even in young fetuses. Yet, retrospective
data analysis of a neonatal cohort demonstrated no correlation of platelet transfusion with closure of a persistent ductus
arteriosus, a process reported to be platelet dependent.

Conclusions—Taken together, we demonstrate an ontogenetic regulation of platelet function in vivo with physiologically low
platelet numbers and hyporeactivity early during fetal development shedding new light on hemostatic function during fetal life.

Visual Overview—An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2017;37:1076-
1086. DOI: 10.1161/ATVBAHA.116.308464.)

Key Words: blood platelets ® fetal development ® hemostasis ® intravital microscopy
B microcirculation ® thrombosis

latelets control primary hemostasis by constantly scan-

ning the vasculature for vessel injuries. At sites of vascular
lesions, components of the subendothelial matrix are recognized
by various platelet receptors, which initiate intracellular signal-
ing events leading to numerous platelet responses such as shape
change, degranulation, and activation of platelet integrins.'”

Although platelet function has been extensively studied in
the adult mammalian organism, little is known about platelet
function in the developing fetus. In vitro studies reported hypo-
reactive platelets in human newborns when stimulated with
physiological agonists.*> However, similar responses were
observed in platelets from newborns and adults once stimu-
lated with agonists bypassing the platelet-activating surface
receptors (calcium ionophore/phorbol esters). Interestingly,
platelet activity and platelet counts were found to correlate

with gestational age.®® At the same time, when comparing
platelets from human neonates and adults, an age-related lack
of conformational change of the integrin GPIIb/IIla (CD41/
CD61, a.,, f3,) was revealed."

In strong contrast, shorter bleeding times and enhanced
ristocetin-induced agglutination were observed in term infants
compared with adults," which was explained by higher levels
and enhanced activity of plasmatic von Willebrand factor along
with an increased hematocrit. In addition, a predominance of
unusually large von Willebrand Factor multimers was reported
in term neonates, which most likely results from decreased
activity of von Willebrand Factor—cleaving protease.'?

Taken together, these studies provide evidence for sig-
nificant differences of the hemostatic system in neonates
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Nonstandard Abbreviations and Acronyms

HSPDA hemodynamically significant patent ductus arteriosus
PDA patent ductus arteriosus

compared with adults and suggest an ontogenetic regulation
of platelet function during fetal life.

To date, in vivo studies investigating platelet function
and thrombus formation in the developing mouse fetus are
lacking, likely because of the difficult access to the fetal cir-
culation for microscopic studies and the challenging experi-
mental conditions related to the small fetal size in mice.

Therefore, it was our aim to generate an intravital fetal
thrombosis model in the mouse and study the dynamic pro-
cesses of platelet adhesion and thrombus formation through-
out fetal development in vivo. Using this model, we found low
to absent thrombus formation in yolk sac microvessels and
reduced thrombus stability at early developmental stages com-
pared with near-term fetuses. Concomitantly, we observed low
platelet numbers, diminished activation responses of platelet
surface receptors, and reduced expression of platelet integrin-
adaptor molecules in fetuses compared with adults, suggesting
an ontogenetically controlled development of platelet function
during fetal life.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Model of In Vivo Thrombus

Formation in the Murine Fetus

Using intravital epifluorescence and multiphoton micros-
copy, we set up a new phototoxic injury—induced thrombosis
model in the living mouse fetus. This required microin-
jection of FITC (fluorescein isothiocyanate)-dextran into
fetal yolk sac vessels leading to a local light/dye-induced
microvascular injury (Movie I in the online-only Data
Supplement).” Throughout the whole in vivo experiment,
the fetus remained inside the yolk sac and attached to the

Platelet Function in the Mouse Fetus In Vivo 1077

placenta (Figure 1A through 1C). Using multiphoton laser-
scanning microscopy, we also visualized the different vas-
cular layers consisting of extraembryonic vessels of the yolk
sac and intraembryonic vessels (Movie II in the online-only
Data Supplement).

Impaired Thrombus Formation

During Fetal Development

We first assessed platelet adhesion to the endothelium (onset).
The percentage of vessels showing an onset of thrombus for-
mation was significantly reduced in young fetuses (E13.5)
compared with later developmental stages (E14.5-16.5;
E17.5) with a mean onset rate of 17.7+9.5% (mean+SEM)
compared with 65.6+8.5% and 75.0+16.4%, respectively
(Figure 2A). In addition, initiation of thrombus formation
was significantly delayed in young fetuses (Figure 2B),
and primary vessel occlusion occurred only in 67% of
E13.5 fetuses, whereas in older fetuses (E17.5), all vessels
demonstrated a first occlusion (Figure 2C). Furthermore,
thrombus growth and first vessel occlusion occurred signifi-
cantly slower in E13.5 fetuses compared with older fetuses
(Figure 2D).

Next, we addressed thrombus stability and found that re-
establishment of flow in primarily occluded vessels (reflow
phenomenon) appeared more frequently in younger com-
pared with older fetuses (Movie III in the online-only Data
Supplement). Intriguingly, E13.5 fetuses were not able to
mount a first stable vessel occluding thrombus as reflow
occurred in all of the primarily occluded vessels. In contrast,
in E17.5 fetuses, reflow was only seen in 33.3% of primar-
ily occluded vessels (Figure 2E). Moreover, time until reflow
occurred was shorter in E13.5 compared with E14.5 to 16.5
and E17.5 fetuses (Figure 2F). Finally, we investigated final
vessel occlusion defined as permanent occlusion without any
further reflow phenomenon throughout 60 minutes of observa-
tion. E13.5 fetuses exhibited a significantly lower rate of final
vessel occlusion compared with E17.5 fetuses (Figure 2G).
In addition, time until final vessel occlusion was delayed in
E13.5 fetuses compared with older fetuses (Figure 2H).

Microvascular and hemodynamic parameters for the in
vivo experiments are provided in Table 1.

S-N Bsesie

Figure 1. Model of in vivo thrombus formation in the murine fetus. A, To gain access to the yolk sac vasculature for microscopic studies,

the fetus within the yolk sac is exteriorized from the uterus and placed in a modified Petri dish. The fetus remains attached to the placenta
and thus the maternal circulation while protected inside the yolk sac (line=1 cm). B, Manually pulled and grinded microcapillaries are used to
inject 10% fluorescein isothiocyanate (FITC)-dextran into fetal yolk sac vessels for later light/dye-induced thrombus formation (line=1 mm).
C, Fluorescence microscopy of yolk sac vessels after injection of FITC-dextran (arrows show beginning thrombus formation, line=20 pum).
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Figure 2. In vivo parameters of fetal platelet function and thrombus formation. Platelet adhesion, determined as onset of thrombus forma-
tion in E13.5 and older fetuses (A and B; n>8 vessels per group). Rate of occurrence of first total vessel-occluding thrombi in fetal groups
and time until first occlusion (C and D; n>7 vessels). Re-establishment of flow and time until reflow in fetuses that exhibited a primary
vessel occlusion (E and F; n>2). Rate of final vessel-occluding thrombus formation without further reflow in the fetal groups and time until
final vessel occlusion (G and H; n>7). *P<0.05 and **P<0.01. Data are presented as mean+SEM.

Significantly Diminished Platelet Counts and
Altered Platelet Morphology in the Fetus

To determine reasons for reduced thrombus formation during
fetal life, we analyzed platelet counts using flow cytometry.
Fetal platelet counts were significantly reduced through-
out development compared with adult values with lowest
counts in the youngest fetuses (Figure 3A). Next, we studied
platelet morphology using an Idexx hematology analyzer.
Platelet distribution width, mean platelet volume, and plate-
let large cell ratio were found to be increased at early devel-
opmental (E13.5) compared with later time points (E17.5)
and adult levels (Figure 3B through 3D), demonstrating

that the existing low-numbered fetal platelets are signifi-
cantly larger than adult control platelets. In addition, fetal
erythrocyte counts were also found to depend on gestational
age with significantly lower counts in E13.5 fetuses com-
pared with adult controls (E13.5: 74+18x10%uL; E17.5:
239+30x10%uL; adult: 632+112x10%uL; P<0.001, data not
shown).

Adhesion Molecule Expression on Platelets

During Murine Fetal Development

Thrombus formation during primary hemostasis can be influ-
enced not only by platelet numbers but also by expression of
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Table 1. Microvascular and Hemodynamic Parameters of
Intravital Microscopy Experiments

Mother Centerline
Animals, | Fetuses, @ \Vessels, = Diameter, Velocity,
n n n um um/s
E13.5 9 11 17 32+2 710+170
E14.5-16.5 12 14 32 311 780+90
E17.5 4 4 8 33+3 1740740

Analysis of microvascular parameters showed no significant difference in
vessel diameter and centerline velocity between the different groups.

adhesion molecules on platelets. Flow cytometric analysis of
unstimulated platelets displayed lower surface levels of GPIb
B and o (CD42c and b) in fetuses compared with adult mice
(Figure 4A; Figures II through IV in the online-only Data
Supplement). As expected,'* we observed a decrease in GPIb
surface expression after stimulation with thrombin (0.1 U/mL)
in all groups. However, the decrease was more pronounced in
fetal platelets leading to significantly lower stimulated lev-
els of GPIb in fetal compared with adult platelets (Figure
4B; Figure II in the online-only Data Supplement). Next, we
examined surface expression of GPIIb (CD41) on unstimu-
lated platelets and found higher baseline values in young
(E13.5) fetuses compared with adult controls (Figure 4C;
Figures II through IV in the online-only Data Supplement).
However, analysis of thrombin-stimulated platelets revealed
that the shift toward a high-affinity conformation of GPIIb/
[IIa (CD41/CD61) was significantly diminished in fetal

Platelet Function in the Mouse Fetus In Vivo 1079

platelets compared with adults, indicated as MFI-ratio rela-
tive to unstimulated baseline levels (Figure 4D; Figure II in
the online-only Data Supplement). To exclude the possibil-
ity that the low response of fetal platelets toward thrombin
is because of reduced thrombin receptor expression, Western
blot analysis of platelet lysates was performed for protease-
activated receptor 3 and 4 (PAR3 and PAR4). We found com-
parable PAR3 expression in E13.5, E17.5 fetuses and adult
controls (Figure 4E, left), and even higher PAR4 levels in
E13.5 fetuses compared with older fetuses and adults (Figure
4E, right). In addition, we repeated flow cytometric activa-
tion assays using ADP (10 umol/L) as physiological weak
agonist and calcium ionophore A23187 (3 umol/L) as non-
physiological agonist bypassing G-protein—coupled surface
receptors. Although ADP elicited a mild activational upregu-
lation of high-affinity GPIIb/IIIa in adult platelets, no such
response was seen in fetal platelets. By contrast, after stimu-
lation with calcium ionophore, we observed a clear increase
in high-affinity GPIIb/IIla even in platelets from E13.5
fetuses; however, levels were still significantly lower than
that in adult controls (Figures III and IV in the online-only
Data Supplement).

To better understand the reduced reactivity of fetal plate-
lets, we next addressed integrin adaptor molecules Talin-1
and Kindlin-3 as well as small GTPase Rapl, which are
essential for induction of the high-affinity conformation.*!>16
We found significantly lower levels of Kindlin-3, Talin-1, and
Rapl in fetal platelets (Figure 4F), which most likely con-
tribute to impaired GPIIb/IIla activation on platelets during
fetal life.
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Figure 3. Platelet counts during fetal development. Flow cytometry was performed to investigate platelet counts in fetuses compared
with adults (A; n>5). In addition, platelet distribution width (PDW; B), mean platelet volume (MPV; C) and platelet large cell ratio (P-LRC; D)
were determined using an Idexx hematology analyzer (n>9). *P<0.05 and **P<0.01. Data are presented as mean+SEM.
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Figure 4. Expression levels of platelet surface receptors during fetal development. Flow cytometry was used to investigate platelet sur-
face receptor expression on fetal and adult platelets. A, Basal and (B) thrombin-stimulated expression (relative to respective basal values)
of GPIb § (CD42c). C, Baseline expression of GPIIb (CD41) and (D) change in expression of high-affinity GPIIb/llla (CD41/CD61) after
thrombin stimulation (relative to respective basal values). Western blot analysis of platelet lysates for (E) levels of thrombin receptor prote-
ase-activated receptor (PAR)-3 and PAR4 and (F) integrin adaptor molecules Kindlin-3, Talin-1, and small GTPase Rap1 in fetal and adult
platelets (n>3 blots). *P<0.05, **P<0.01, ***P<0.001. Data are presented as mean+SEM.

Reduced Total P-Selectin

Expression in Fetal Platelets

Thrombin-induced upregulation of P-selectin (CD62P) sur-
face expression is prominent on adult platelets and used as
a platelet activation marker.'” Flow cytometry revealed that
P-selectin surface expression on unstimulated platelets was

low without significant difference between fetal and adult
platelets (Figure 5A; Figures III and IV in the online-only
Data Supplement). Intriguingly, upregulation of P-selectin
surface expression following stimulation with thrombin and
calcium ionophore was almost completely absent in fetal
platelets (Figure 5B; Figure III and IV in the online-only Data


http://atvb.ahajournals.org/

170z ‘Sz Ae N uo 1enb Aq /Bio'sfeuinofeye qar//:diy woly papeojumod

Margraf et al

Platelet Function in the Mouse Fetus In Vivo 1081

A E14.5 Adult
0]
== unstimulated
]
mm Thrombin
00
e
8]
c 200
=5 o
(=]
[&]
ol 100
Z \ )
W 1w w 10
rd
P-Selectin
B 2
® ok
g 4 =
= T
& 3-
w
Q
[£X
£ 2
8
&
o 14
g
2 - T
-‘% E13.5 E14.516.5E17.5-19.5 Adult
c 3
E13.5 E17.5 Adult a 2.54 ol
5 ok
P-Selecti 2 201
-Selectin
-,
s 1.54
E
2
£ 107
T I
H
= 0.0
e E13.5 E17.5 Adult

Figure 5. P-selectin levels of fetal platelets. Flow cytometry
was used to measure P-selectin surface levels on unstimulated
and thrombin-stimulated platelets. Representative flow cytom-
etry measurements of E14.5 (left) and adult platelets (right)

are shown (A). Upregulation of P-selectin surface levels after
thrombin stimulation (relative to basal values) in fetal platelets
compared with adults (B; n=3). In addition, total P-selectin con-
tent of platelet lysates was measured by Western blot in fetuses
compared with adults (C; n>4). Images are representative for
indicated n-number of blots. *P<0.05 and **P<0.01 (n>3). Data
are presented as mean+SEM.

Supplement). However, with advancing gestational age, a pro-
gressive increase in P-selectin upregulation could be observed.
Yet, all fetal values still remained significantly below adult
values (Figure 5B).

To investigate whether low P-selectin surface levels
upon stimulation were because of decreased degranulation
or diminished platelet P-selectin content, Western blot anal-
ysis of platelet lysates was performed. Our results revealed
severely reduced total platelet P-selectin levels during fetal
life with lowest content in the youngest fetuses (Figure 5C).

Reduced Spreading Capacity of Fetal Platelets

To analyze whether the observed differences in the levels
of integrin-activating proteins and high-affinity GPIIb/IIIa
surface expression on fetal platelets have functional con-
sequences, we investigated platelet spreading on fibrino-
gen. Again, platelets from E13.5 fetuses were found to be
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Figure 6. Platelet spreading on fibrinogen. Isolated platelets
from E13.5 fetuses (n=5) and adult mice (n=5) were stimulated
with 0.1 U/mL thrombin, and spreading of platelets in p-slides
coated with 1 mg/mL fibrinogen was recorded over 10 min. A,
Change in platelet area relative to baseline (t0). B, Change in
platelet perimeter relative to baseline (t0). C, Change in platelet
circularity. A value of 1 indicates perfect circularity. *P<0.05,
**P<0.01, **P<0.001, and ***P<0.0001. Data are presented as
mean+SEM.
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significantly larger at baseline compared with adult platelets
(11.7+0.6 versus 6.2+0.3 pm’ [mean+SEM], respectively;
P<0.001). Therefore, changes in platelet area and perimeter
were calculated as ratio relative to baseline. In line with the
activation assays, platelets from E13.5 fetuses displayed a sig-
nificantly reduced capability to spread on fibrinogen-coated
surface after stimulation with thrombin compared with adult
platelets (Figure 6A and 6B). Interestingly, spreading mor-
phology between adult and fetal platelets also differed sig-
nificantly. Although adult platelets showed normal stages
of spreading including spindle-like forms and extrusion of
long filopodia (decrease in circularity) followed by expan-
sion of lamellipodia leading to the fully spread fried egg form
(increase in circularity),'® the majority of E13.5 platelets only
formed short filopodia and spread in a circular fashion by pri-
mary expansion of lamellipodia (Figure 6C; Figure V in the
online-only Data Supplement).

Transfusion of Adult Platelets Into E14.5 Fetuses
Leads to Platelet Aggregate Formation But Does
Not Promote Adhesion of Fetal Leukocytes

On the basis of our findings of a functional and numeric
defect in the fetal platelet population, we wanted to assess
how adult platelets behave in the fetal yolk sac circulation
and whether they are able to form thrombi in E14.5 fetuses,
indicating that reduced platelet interaction and thrombus for-
mation are because of a platelet-intrinsic maturation defect.
To this end, labeled platelets from adult donor animals were
injected into yolk sac vessels of E14.5 fetuses (200000 plate-
lets/fetus). Rapid spontaneous platelet adhesion at multiple
sites of the yolk sac vasculature could be noted together with
platelet aggregate formation (Movie IV in the online-only

Data Supplement). Interestingly, the forming thrombi exhib-
ited a tendency to release emboli into the fetal circulation.
By contrast, transfusion of age-matched E14.5 platelets into
E14.5 fetuses (200000 platelets/fetus) lead to platelet aggre-
gate formation in only 33.3% of experiments compared with
100% after transfusion of adult platelets (n=3 per group). To
exclude that the propensity of adult platelets to form sponta-
neous aggregates in the fetal circulation is merely because of
platelet activation by the isolation and staining procedure, we
investigated behavior of transfused adult platelets in mouse
cremaster muscle vessels. In this setting, despite increasing
the amount of transfused platelets to 40 million (= 3% to 5%
of total platelet count), which equals roughly the concentra-
tion of platelets transfused into the fetal circulation, we did
not observe any spontaneous platelet aggregation or thrombus
formation (data not shown).

Apart from their role in primary hemostasis, platelets have
been shown to be important regulators in inflammation and to
facilitate leukocyte recruitment.'”?’ As we have recently dem-
onstrated that fetal leukocytes at early developmental stages
(<E15) are not able to adhere to the yolk sac vasculature
in a model of traumatic inflammation,?' we were interested
whether transfusion of adult platelets is able to promote adhe-
sion of fetal leukocytes.

For this purpose, isolated rhodamine 6G-labeled adult
platelets were transfused into LysM-EGFP (enhanced green
fluorescent protein) E14.5 fetuses displaying fluorescent neu-
trophils. Interestingly, despite rapid platelet adhesion, we
did not observe interactions between adult platelets and fetal
EGFP* cells and saw no incorporation of EGFP* leukocytes
into the forming thrombus (Movies V and VI in the online-
only Data Supplement).

Table 2. Clinical Parameters of Premature Infants With HSPDA and Indomethacin Therapy With or Without

Platelet Transfusion

No Platelet Transfusion
Platelet Transfusion Thrombocytopenia Normal Platelets PValue

No. of patients, n 8 17 172
Gestational age, wk, range 25 (22-27) 26 (23-30) 26 (23-32) NS
Birth weight, g, range 598 (440-940) 780 (320-1450) 822 (370-1480) 0.048
SGA, n (%) 2 (25) 4 (24) 9 (5) 0.004
Platelet count, G/L, SD 89.9+27.5* 101+22.6* 276.5+99.3 <0.0001
Hematocrit, %, SD 30«5t 39+7 36+6 0.011
Surgical ligation, n (%) 6 (75)"t 3(17.6) 57 (33.1) 0.017
Death, n (%) 1(12.5) 3(17.6) 4(2.3) 0.004
Maternal diagnoses

HELLP syndrome, % 0 12 4 NS

Preeclampsia, % 13 6 4 NS

Placental insufficiency, % 38* 6 6 0.005

Amnioninfection, % 25 12 16 NS

Platelet counts and hematocrit were obtained at the time PDA treatment was started. HSPDA indicates hemodynamically significant patent

*Significance vs infants with normal platelet counts.

tSignificance vs nontransfused thrombocytopenic infants.

ductus arteriosus; HELLP, hemolysis, elevated liver enzymes, and low platelets; PDA, patent ductus arteriosus; and SGA, small for gestational age.
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Transfusion of Adult Platelets Into
Thrombocytopenic Premature Infants

Does Not Promote Pharmacological

Closure of a Patent Ductus Arteriosus

It has been demonstrated that postnatal closure of a patent
ductus arteriosus in term infants is associated with the forma-
tion of a stable thrombus and subsequent clot consolidation.??
Preterm infants, however, frequently experience hemody-
namically significant patent ductus arteriosus (HSPDA), and
medical or surgical patent ductus arteriosus (PDA) closure is
eventually needed to prevent organ failure or progressive heart
failure.

On the basis of our finding of excessive in vivo aggre-
gate formation after transfusion of adult platelets into
fetuses, we became interested whether platelet transfusion
impacts HSPDA closure in thrombocytopenic premature
infants. To this end, we performed a retrospective analysis
of 718 children born <1500 g and <32 weeks of gestation
at the tertiary neonatal intensive care unit at the University
Children’s Hospital Munich (Table 2). A total of 197 infants
(27.4%) developed a HSPDA requiring medical treatment
with indomethacin and subsequent surgical ligation, if phar-
macological treatment failed. Of those, 25 neonates (12.7%)
exhibited thrombocytopenia (platelet count <150 G/L) and 8
infants (32% of thrombocytopenic infants) received at least
one platelet transfusion at the time of HSPDA treatment.
When focusing on the need for surgical closure of HSPDA
and previous platelet transfusion, we found that surgical clo-
sure rate was significantly higher in infants transfused with
adult platelets compared with nontransfused thrombocyto-
penic infants and infants with normal platelet counts (75%
versus 17.6% and 33.1%, respectively; P=0.017; Table 2),
suggesting that platelet transfusion does not demonstrate
a beneficial effect on pharmacological closure of a hemo-
dynamically relevant PDA in thrombocytopenic premature
neonates. Finally, we analyzed mortality in our neonatal
cohort and found a higher mortality in thrombocytopenic
premature infants compared with infants with normal plate-
let counts. However, this was independent of platelet trans-
fusions (Table 2).

Discussion
In the present study, we investigated in vivo thrombus forma-
tion at different developmental stages of the mouse fetus using
a novel light/dye-induced fetal thrombosis model featuring an
intact fetomaternal placental unit. Although light/dye-induced
injury results in platelet adhesion and thrombus formation in
cremaster muscle venules of adult mice within a few min-
utes,® we observed significantly decreased and delayed rates
of functional thrombus formation in the developing fetus and
a dependency on fetal maturation. Thus, our findings reveal an
ontogenetic regulation of platelet function, impacting in vivo
clot formation. This is in accordance with previous studies
showing that bleeding time in human premature infants <33
weeks of gestation is about twice that of mature neonates.>
Intriguingly, not only the clot-forming capacity seemed to
depend on gestational age but also clot stability as evidenced
by the reflow phenomenon. In this context, a recent study
looking at clot formation in human neonates using rotational
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thromboelastometry found that clot firmness correlated with
gestational age and was significantly reduced in premature
newborns.?

To uncover reasons for reduced fetal in vivo thrombus
formation, we investigated platelet counts and found strongly
reduced platelet numbers in murine fetuses compared with
adults and a correlation with gestational age. A multicenter
study in >47000 neonates reported lower platelet counts for
premature infants <32 weeks of gestation compared with older
ones.? In addition, as in murine fetuses, the platelet distribu-
tion width was found to be increased in preterm compared
with term neonates.”’ Whether the changes in platelet indices
are merely a result of the reduced platelet count® or possi-
bly represent a mechanism to compensate for altered platelet
function® deserves further investigation. In vivo experiments
using antibodies to reduce murine platelet counts to numbers
in the range we observed in the fetuses show that, depending
on the model, counts as low as 25 G/L are sufficient to pro-
mote thrombus formation.* Thus, the reduced platelet count is
likely to contribute to defective thrombus formation especially
in the E13.5 fetuses but cannot fully explain our findings.

Our further in vitro analyses revealed altered integrin
expression and a hyporeactive phenotype of fetal platelets.
Different mechanisms have been discussed regarding the
nature of platelet hyporeactivity in premature and mature
infants, including impairment of calcium mobilization and
altered intracellular signaling.>3' Our results support the
concept that hyporesponsiveness of fetal platelets is mul-
tifaceted including altered signal transduction of surface
receptors (which can be bypassed using calcium ionophore)
but also an altered intracellular machinery necessary for
integrin activation. In line with this notion, we were able to
demonstrate that expression of Talin-1, Kindlin-3, and Rapl,
which have been shown to be essential for inside-out medi-
ated integrin activation and platelet function,®!>!® were sig-
nificantly reduced in fetal platelets. It is plausible that these
findings directly relate to the reduced capacity of fetal plate-
lets to spread on fibrinogen and to stabilize forming thrombi
in vivo, as both processes critically depend on GPIIb/IIIa
integrin—mediated signaling (outside-in) upon substrate liga-
tion.* The altered spreading morphology of fetal platelets
with reduced filopodia formation is of interest with respect
to thrombus stability, as filopodia enable binding to fibrin
strands and other platelets to form a 3-dimensional throm-
bus. In Wistar Furth rats, which display hereditary mac-
rothrombocytopenia, a similar spreading pattern has been
described and linked to the higher thrombus fragility found
in these animals.'®

Besides altered integrin expression and activation, we
also found decreased P-selectin upregulation on fetal plate-
lets. This is in accordance with recent findings in human
neonates,”* and likely related to the strongly reduced total
P-selectin content we discovered in murine fetal platelets.
P-selectin has been demonstrated to be instrumental in pro-
moting platelet-leukocyte interactions.’>?> Remarkably,
in the fetal yolk sac, fetal leukocytes did not interact with
fully mature transfused adult platelets (with presumably
normal P-selectin expression). This might be because of
reduced levels of PSGL-1, the major P-selectin ligand on
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fetal leukocytes, as demonstrated earlier.?' ¢ Although our
findings elicit an important role of modulated platelet func-
tion and numbers, other factors are also likely to influence
hemostasis during fetal development.’’” These include a
lower erythrocyte count found in young fetuses, changes in
the level and activity of plasmatic coagulation factors, and
altered endothelial cell function. In addition, the release of
second wave agonists such as ADP and thromboxane A2 has
also been shown to be reduced in platelets from premature
human neonates.* Because of the limited amount of blood,
and the low platelet numbers in the murine fetus, it is at pres-
ent not possible to perform reliable measurements of blood
coagulation parameters and agonist release from murine
fetal platelets.

The reduced capacity to form a stable clot, particularly
during early fetal life, might be a protective factor against
vascular thrombotic injury with its detrimental consequences
for normal development. Studies in mice deficient in the tran-
scription factor NF-E2 demonstrated a maturation arrest of
megakaryocytes with loss of platelets. Yet, NF-E2—deficient
embryos developed to term without major impairment, sug-
gesting that strongly reduced platelet function and number
do not necessarily impact fetal development in utero.* These
results seem to conflict with studies demonstrating an essen-
tial role of platelets in lymph vessel development by interac-
tion of platelet C-type lectin-like receptor with podoplanin on
lymphatic endothelial cells.* However, the authors argue that
for normal lymph vessel development, the presence of few
platelets, which can still be found in NF-E2—deficient mice,
is sufficient.

It is tempting to speculate that the maturation of fetal
platelets during gestation reflects developmental differences
in gene expression and function of hematopoietic stem cells
as hematopoiesis moves from the yolk sac and aorta-gonad-
mesonephros region to the fetal liver and finally the bone
marrow. Megakaryopoiesis is differentially regulated dur-
ing primitive (c-myb independent) and definitive hemato-
poiesis (c-myb dependent) with primitive megakaryocyte
progenitors likely giving rise to the first megakaryocytes
present in the yolk sac and large highly nucleated platelets
found in the embryonic circulation by E10.5. Around that
time, hematopoiesis moves to the fetal liver and by E12.5,
the liver becomes the main hematopoietic niche for stem
cell expansion and differentiation.*'** It is conceivable that
early platelets derived from primitive progenitors exhibit
distinct functional characteristics as compared with platelets
from definitive progenitors. In E13.5 fetuses, both types of
platelets likely are present concurrently, whereas the number
of early primitive platelets should decrease with advancing
gestation.

The ontogenetic regulation of platelet function becomes
problematic in the setting of premature birth, where the
fetus is suddenly exposed to the threats of extrauterine life.
Indeed, one of the major complications in preterm infants
is intraventricular hemorrhage and its incidence is inversely
correlated with gestational age.** Thus, the otherwise physi-
ological platelet hyporeactivity found in premature infants
may, together with other factors, such as an immature vascular
system and changing blood flow properties, contribute to the

development of intraventricular hemorrhage. Furthermore, in
a mouse study of PDA, it was suggested that platelets contrib-
ute to the closure of the ductus arteriosus following birth, and
thrombocytopenia was proven to be a predictor for PDA in
preterm infants.?

Based on our observation of platelet aggregate formation
in fetuses following transfusion of adult platelets, we per-
formed a retrospective data analysis investigating the impact
of adult platelet transfusion on pharmacological PDA closure
and mortality. Unexpectedly, we found that administration of
adult platelets had no beneficial effects on PDA closure in
thrombocytopenic premature infants treated with indometha-
cin. However, factors such as ductal size, treatment timing,
differences in hematocrit and possibly coagulation param-
eters, and accompanying comorbidities may confound these
results. Therefore, these findings need to be interpreted with
caution and investigated by larger prospective studies. This
is undermined by the existing conflicting clinical data on the
role of platelets and ductal closure.?>* Interestingly, when
looking for underlying maternal conditions affecting neona-
tal platelet counts, we observed a significantly higher rate
of placental insufficiency in mothers from neonates requir-
ing transfusion than in the other groups. Even though this
observation does not allow concluding on a causal relation-
ship because of the retrospective approach and the limited
number of patients, we think that it is still noteworthy and
deserves further evaluation. Finally, we observed similar
overall mortality in transfused versus nontransfused throm-
bocytopenic premature infants. However, the decision for
platelet transfusion should be considered carefully in view
of possible adverse effects after transfusion of inadequately
active platelets in neonates.* In this context, Ferrer-Marin
et al*’ could elegantly show that adult platelets transfused
into fetal blood in vitro exhibit an increased aggregatory and
hemostatic performance compared with neonatal platelets
pointing toward the existence of a developmental mismatch
in platelet transfusion. In line with this notion, we observed
rapid and spontaneous clot formation after transfusion of
adult platelets into the fetal circulation, whereas transfusion
of age-matched platelets did not result in thrombus forma-
tion. Furthermore, adult platelets transfused into the adult
circulation did not exhibit any propensity to form sponta-
neous aggregates. These observations support the concept
that the fetal plasma exerts some prothrombotic activity
(eg, through increased levels and presence of ultralarge von
Willebrand Factor),'"'? possibly to compensate for reduced
platelet numbers and function.

In summary, using a novel murine fetal thrombosis
model, we demonstrate a developmental regulation of plate-
let function and thrombus formation. This involves platelet
numbers and key molecules of platelet integrin signaling and
surface receptors relevant for platelet adhesion and aggrega-
tion. Furthermore, we show that transfusion of adult platelets
can override reduced clot-forming capacity in young fetuses.
These findings do not only provide new valuable insights
into the regulation of primary hemostasis during fetal life
but also demand future clinical studies to further evaluate the
benefits and risks of adult platelet transfusion in premature
infants.
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¢ A novel murine fetal thrombosis model is introduced to study platelet function in vivo at different time points during fetal life.
e |n vivo platelet adhesion, aggregation, and thrombus stability are ontogenetically regulated and severely reduced in mid-gestation murine
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e Besides reduced platelet counts, diminished activational responses and reduced integrin adaptor molecule levels contribute to the reduced

fetal thrombus formation.
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Supplemental Figure I): Gating strategy

Exemplary FACS histograms to demonstrate gating strategy in fetal samples with
double fluorescence peak (E13.5). Note that the left peak is in the range of isotype
control. To determine fluorescence values, the gate was set as “full width at half
maximum intensity” (FWHM) of the right peak.

E13.5 E14.5 E18.5 Adult

GPIlb (CD41) » ™

Count
Count
Count

300

GPIbp (CD42c) 504

Count
Count
Count

High affinity GPlIb/llla
(CD41/CD61)

Count
=} =
H""'ﬁ_ﬁ
Count
2

Coun

8 g g

: : :
Count

o) el e, ol ‘ 0
w 1w 1w 0 g 1w 1w 1 10 "w il2 1
unstim unstim unstim unstim
3 Thrombin 3 Thrombin 3 Thrombin 3 Thrombin

Supplemental Figure Il): Representative FACS plots of basal and thrombin
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Supplemental Figure Ill): Expression levels of surface receptors during fetal
development. A) Basal surface expression of GPlba (CD42b) on fetal and adult
platelets. (B) ADP- and (C) Calcium ionophore A23187-stimulated expression of
Gplb alpha (relative to respective basal values). (D) Baseline expression of Gpllb
(CD41) and change in expression of high affinity Gpllb/llla (CD41/61) following
stimulation with (E) ADP- and (F) Calicum ionophore A23187 (relative to respective
basal values). (G) Basal and (H) Calcium ionophore-stimulated change in P-selectin
(CD62P) expression. Adult n = 6, E17.5 and E13.5 n = 5. *p<0.05, **p=<0.01,
***p<0.001. Data are presented as mean + s.e.m.
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surface receptor expression on fetal and adult platelets using different agonists as
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Supplemental Figure V): Representative images of spreading morphology of fetal
(E13.5) and adult platelets on fibrinogen (Scale bar indicates 10 pum)
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Movie legends:
Movie |. Exemplary video of light-dye induced thrombus formation in yolk sac
vessels of an E15.5 fetus. Scale bar indicates 50 pum.

Movie IlI: 3D reconstruction of multiphoton image acquisition of fetal yolk sac (upper
layer) and skin vessels (lower layer) following injection of FITC-dextran in an E15.5
fetus. Reconstruction was performed from an x-y-z image file, scale bar indicates 80
pum. Video is shown at 25 frames/s.

Movie lll: Re-establishment of flow following primary vessel occlusion in E14.5 fetus.
Note the primarily occluded vessel in the lower part of the image. Scale bar indicates
50 um. Video is shown at 30 frames/s.

Movie IV: Complete vessel occluding thrombus formation following transfusion of
adult labeled platelets into E14.5 fetus yolk sac. Rapid platelet accumulation,
aggregate formation and thrombus growth can be noted. Embolization of thrombi
consisting of labeled adult platelets can be seen at the beginning of the movie. Scale
bar indicates 50 um. Video is shown at 30 frames/s.

Movie V: Multiphoton recording of E14.5 LysM-EGFP fetus following transfusion of
adult platelets (platelets green, leukocytes red). Adherent labeled adult platelets onto
the yolk sac vessel wall can be seen. Passing leukocytes presenting as red lines
within the blood flow do not interact with adult platelets. A migrating leukocyte can be
noted in the upper left corner of the image. Scale bar indicates 40 um at beginning of
video, at maximum magnification scale bar indicates 20 pm. Video is shown at 30
frames/s.

Movie VI: Epifluorescence recording of E14.5 LysM-EGFP fetus following transfusion
of adult platelets (platelets green, leukocytes red). Adherent labeled adult platelets
with aggregate formation and embolization can be observed. Fast flowing red fetal
leukocytes do not interact with activated platelets in vivo. Scale bar indicates 50 pm.
Video is shown at 30 frames/s.
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Material and Methods

Study Approval

All animal experiments were performed in accordance with Bavarian state regulations
and approved by the responsible authorities at the Regierung von Oberbayern (Az.:
55.2-1-54-2531-69-07 and -122-12.). Retrospective clinical data analysis was
approved by the local ethics committee (Az.: 219-16).

Antibodies and Chemicals

Thrombin from bovine plasma, Adenosine 5'-diphosphate sodium salt, Calcium
ionophore A21387, rhodamine, 150 kD FITC-dextran, monoclonal mouse- anti-
mouse antibody against B-tubulin (TUB2.1, Cat. No. T5201) and Talin (8d4, Cat. No.
T3287) were from Sigma Aldrich (Taufkirchen, Germany). DyLight-488 and -649
labeled rat-anti-mouse antibodies against GPIbp (CD42c, Cat. No. X488 and X649),
FITC-labeled rat-anti-mouse antibody against GPIba (CD42b, Clone Xia.H10, Cat.
No. M041-1) and phycoerythrin (PE)-labeled rat-anti-mouse antibody against high
affinity Gpllb/llla (CD41/CD61; clone Jon/A, Cat. No. M023-2) were acquired from
Emfret Analytics (Eibelstadt, Germany). FITC-labeled monoclonal rat-anti-mouse
antibodies against P-selectin (CD62P; clone RB40.34, Cat. No. 561923) and against
Gpllb (CD41; clone MWReg30, Cat No. 553848) were obtained from BD Pharmingen
(Franklin Lakes, NJ, USA). APC-labeled rat-anti-mouse antibody against GPIllb
(CD41, clone MWReg30, Cat No. 133914) was from BioLegend (San Diego, CA,
USA). FITC-labeled monoclonal mouse-anti-mouse/human antibody directed against
murine PAR3 (8E8, Cat. No. sc-53819) was acquired from Santa Cruz (Santa Cruz,
CA, USA). FITC-labeled polyclonal rabbit-anti-mouse/human/rat PAR4 was from
Bioss (Woburn, MA, USA, Cat. No. bs-1196R-A488). Secondary anti-mouse and anti-
rabbit horseradish-peroxidase antibodies were from Bio-Rad (Hercules, CA, USA).
Polyclonal rabbit—anti-mouse P-selectin antibody was from Abcam (Cambridge, UK,
Cat. No. ab59738). Immobilon HRP chemiluminescent substrate and polyclonal
rabbit-anti-mouse antibody against Rapl (Cat.No. 07-916) were from Merck Millipore
(Darmstadt, Germany). Monoclonal mouse-anti-GAPDH (6C5, Cat. No. CB1001) was
from Calbiochem (Merck Millipore). Polyclonal rabbit-anti-mouse Kindlin-3 antibody
was prepared as described *.

Experimental mice

Female C57/BL6 mice were obtained from Charles River Laboratories (Wilmington,
MA, USA). For platelet leukocyte interaction studies, LysM-EGFP (enhanced green
fluorescent protein) mice were used 2, which were kindly provided by Thomas Graf,
Center for Genomic Regulation, Barcelona, Spain.

In vivo model to analyze thrombus formation in the mouse fetus

Fetuses from embryonic days E13.5 to E17.5 were analyzed. Preparation was
performed as described®. Briefly, a pregnant mother animal was anesthetized (125
mg/kg ketamine, 25 mg/kg xylazine i.p.) and placed on a heating plate. The
abdominal cavity was opened through a lateral incision. The right uterus horn was
exteriorized and the myometrium carefully incised, leaving the yolk sac intact.
Subsequently, one viable fetus inside the yolk sac, connected to the placenta, was
exposed and placed in a modified petri-dish. To provoke thrombus formation by
light/dye induced vascular injury ¢, manually pulled and grinded glass micro-
capillaries (GCI150TF-10, Clark Electromedical Instruments, Pangbourne Reading)
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were used to inject FITC-dextran (10%; FD150S-1G) into a branch of the vitelline
vein.

The preparation was then transferred to the microscope (Olympus BX51, Objective
LUMPIan FI/IR 60x/0.90W, Olympus Hamburg, Germany) for intravital imaging.
Image acquisition was performed using two CCD cameras (Kappa CF5 HS; Kappa
Optronics GmbH, Gleichen and LaVision Imager ProX pco. 1600L, LaVision GmbH,
Goettingen, Germany).

Additional imaging was performed using a multiphoton laser scanning microscopy
setup (MPLSM), as described previously ° (LaVision BioTec TrimScope, Hamamatsu
H7422A-40 photomultipliers; Objective: Olympus XLUMPIlan FI 20x, 0.95 W).

For transfusion experiments, isolated platelets were resuspended in modified
Tyrodes-Hepes buffer, labeled with rhodamine 6G and injected (200,000
platelets/fetus) into fetal yolk sac vessels. Observations were performed using the
MPLSM setup and the intravital microscopy setup using an additional 5x objective
(ACHROSTIGMAT 5x/0.12) for acquisition of overview images. To investigate
platelet leukocyte interactions, isolated adult rhodamine 6G labeled platelets were
transfused into LysM-EGFP murine fetuses. Analysis and reconstruction of MPLSM
image stacks was performed using IMARIS 7 (Bitplane) software. Color display of
fluorescence signals in reconstructed MPLSM files was assigned arbitrarily with
leukocytes encoded in red and platelets encoded in green.

For adult control transfusion experiments, the mouse cremaster muscle model was
prepared as described previously 4, and isolated adult platelets were transfused via a
carotis catheter.

Platelet and RBC counts

For measurement of platelet counts, adult blood samples (100 pl) were collected via
cardiac puncture of the respective mother animal. Fetal blood samples were collected
into 5 ul glass-capillaries (ETE005-0100; Bioanalytic, Freiburg, Germany) through
lateral neck dissection and preparation of the subclavian vein of fetuses and
subsequently analyzed by flow cytometry, using microbeads as a volumetric
reference as described previously °. Briefly, blood samples were diluted 1:10 and
labeled for 30 minutes with DyLight488-labeled Gplb antibody at 20 pg/ml. After
staining, 1x10° beads (SPHERO Rainbow Fluorescent Particles 5.26 pm,
Spherotech, Lake Forest, IL, USA) in PBS were added and samples transferred to
flow cytometric measurement. Platelets were distinguished by forward/sideward-
scatter appearance and expression of Gplb. A total of 1000 beads were counted and
platelet counts calculated based on collected volume and counted number of cells.
For determination of red blood cell (RBC) counts, whole blood was collected as
described above and diluted 1:200 prior to counting in a modified Neubauer
chamber.

Platelet activation assays

For platelet activation assays, adult blood samples were drawn from the inferior Vena
cava of mother animals prior to preparation of the fetuses. Following general
anesthesia, the abdomen was opened by laparotomy, the intestine and the uterus
with the fetuses in situ were gently mobilized and 100 pl of whole blood collected.
Further handling was according to fetal blood samples described below. For fetal
samples, blood from all available fetuses of one mother animal (mean number of
fetuses: E13.5: 7+1; E14.5-E16.5: 6.75+1,19; E17.5-E19.5: 4,33+1,45), was pooled
by decapitation of fetuses in a petri dish containing 10 ml modified, calium- and
magnesium-free Tyrode’s-HEPES buffer with 10% (v/v) Heparin (20 U/ml) and
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analyzed, as reported recently " 8. Shortly, whole blood samples were washed twice
with modified Tyrode’s-HEPES buffer, before activation through administration of
indicated platelet agonists (thrombin: 0.1 U/ml, ADP: 10 pM, calcium ionophore: 3
MM) and labeling with according antibodies for 15 minutes at room temperature in
modified Tyrode’s-HEPES buffer containing calcium and magnesium. Dilution of fetal
and adult blood samples was based on the size of the blood pellet obtained after the
first centrifugation. Samples were then analyzed by flow cytometry. Fetal samples
often exhibited double peaks in the fluorescence histograms with the left peak being
negative for typical platelet markers GPIb (CD42) and GPIIb (CD41). Thus,
fluorescence intensity was determined as FWHM (full width at half maximum
fluorescence intensity) of the right peak (Suppl. Figure 1). Results are presented as
median fluorescence intensity and fold time increase, by dividing the value of the
stimulated sample by the unstimulated control sample.

Platelet isolation and labeling for transfusion experiments

Platelet isolation was performed as described previously with minor modifications °.
Collection of blood from mother animals and fetuses was performed according to the
platelet activation assays. Platelet-rich-plasma (PRP) was then obtained by low
velocity centrifugation (180G). Thereafter, PRP was incubated with rhodamine
(0.05%, 200 puL/ml)* in the presence of prostaglandin E2 (1 pg/mL) and then washed
and isolated by centrifugation at 400 G for 5 minutes. Platelets were counted using
an ldexx hematology analyser (ldexx Europe B.V., Hoofddorp, Netherlands) and
resuspended in buffer containing calcium and magnesium. A total of 200.000
platelets were injected per animal. Injection was performed into a small side-branch
of fetal yolk-sac microvessels. Afterwards, the preparation was turned and imaging
was performed on the opposite site of the injection-site within the yolk-sac to avoid
observation of mechanical injury.

Western blotting

Platelets were isolated as described above and platelet numbers were adjusted to
equal levels for fetal and adult samples (100.000/pl). Isolated platelets were mixed
with ice-cold protein extraction buffer to a final dilution of 50.000 platelets per ul and
protein extracts stored at -80°C until usage. Protein concentrations were measured
and adjusted using a pierce BCA assay (Thermo Fisher Scientific, Waltham, MA,
USA). Samples were loaded on a 10% SDS-polyacrylamide gel and electro-blotted
on PVDF membranes. After blocking in 5% BSA/TBS-T, blots were incubated
overnight with following antibodies: polyclonal rabbit-anti-mouse P-selectin (1:1000),
polyclonal rabbit-anti-mouse/human/rat PAR4 (1:1000), monoclonal mouse-anti-
mouse/human PAR3 (1:500), mouse-anti-Talin (1:1000), polyclonal rabbit-anti-mouse
Kindlin-3 (1:3000), polyclonal rabbit-anti-mouse Rapl (1:1000), monoclonal mouse-
anti-mouse beta-tubulin antibody (1:10000) and a mouse-anti-GAPDH (1:10000),
respectively. A goat-anti-rabbit horseradish-peroxidase (HRP) conjugated antibody or
a goat-anti-mouse HRP antibody was used as secondary antibody. Blots were
washed, the HRP chemiluminescence substrate was added and images acquired.
Acquired values were normalized to housekeeping proteins (GAPDH, beta-tubulin,
alpha-tubulin), which were chosen according to the size of analyzed proteins.

Spreading experiments:

To investigate platelet spreading, p-slides (ibidi p-Slide VI 0.1, ibidi GmbH,
Planegg/Martinsried, Germany) were coated with mouse fibrinogen (Innovative
Research, Novi, MI, USA) at a concentration of 1 mg/ml overnight. After washing and



Margraf et al. Platelet function in the mouse fetus in vivo

blocking for 1h with casein 5%, slides were transferred to the microscope (Zeiss,
Axiovert 200, Objective Neofluar 63x/1.25 Oil; Jena, Germany). Platelets from pooled
fetuses and from adult animals were isolated as described above. Counts were
determined using an ldexx hematology analyzer.

Shortly before the experiment, platelets were resuspended in modified Tyrode’s-
HEPES buffer with calcium and magnesium at a concentration of 1 x 10"/ml and
stimulated with thrombin (0.1 U/ml). Recordings (FR 12/min) were started 2 minutes
after injection of platelet suspension into the p-slide. Platelet spreading was observed
over a period of 10 minutes. Images were analyzed using Image J. Platelet area
(um?) and perimeter [um] are presented as ratio compared to baseline values. In
addition platelet circularity (= 41 (area/perimeter~2)) was calculated. A circularity
value of 1.0 indicates a perfect circle.™

Experimental data and statistical analysis

Statistical analysis of mouse experiments was performed using SigmaPlot Version
12.0 (Systat Software GmbH, Erkrath, Germany). For in vivo rate values, a Chi-
square analysis was applied. To further distinguish subgroups in case of significance,
pairwise z-test comparisons were performed. Time values were analyzed using the
Kruskal-Wallis ANOVA on ranks with Dunn’s posthoc test. Flow cytometry counts
were analyzed using a One-way ANOVA. Fluorescence intensity and blood flow
velocity were tested using the Kruskal-Wallis ANOVA on ranks with Dunn’s posthoc
test. Spreading data was compared with t-test for each time point. A p-value of <0.05
was considered significant.

Retrospective clinical data analysis

We conducted a retrospective neonatal intensive care database study between
11/2003 and 12/2013 of preterm infants born < than 1500g birth weight and < 32
weeks gestational age at a tertiary NICU (Division of Neonatology, University
Children’s Hospital and Perinatal Center, Campus Grosshadern, Ludwig Maximilians
University Munich, Germany). Data collection and statistical analysis were performed
using Excel 2010 (Microsoft Corp., USA) and GraphPad Prism 5 (GraphPad Software
Inc, USA). Numerical data was analyzed using a One-way ANOVA with Bonferroni
posthoc test. Categorical data was analyzed using a Chi square test with subsequent
Fisher's exact test for pairwise comparison. Thrombocytopenia was defined as a
platelet count <150 G/I.

References

1. Ussar S, Wang HV, Linder S, Fassler R, Moser M. The kindlins: Subcellular
localization and expression during murine development. Experimental cell
research. 2006;312:3142-3151

2. Faust N, Varas F, Kelly LM, Heck S, Graf T. Insertion of enhanced green
fluorescent protein into the lysozyme gene creates mice with green fluorescent
granulocytes and macrophages. Blood. 2000;96:719-726

3. Sperandio M, Quackenbush EJ, Sushkova N, et al. Ontogenetic regulation of
leukocyte recruitment in mouse yolk sac vessels. Blood. 2013;121:€118-128
4. Rumbaut RE, Randhawa JK, Smith CW, Burns AR. Mouse cremaster venules

are predisposed to light/dye-induced thrombosis independent of wall shear
rate, cd18, icam-1, or p-selectin. Microcirculation. 2004;11:239-247



10.

11.

Margraf et al. Platelet function in the mouse fetus in vivo

Rehberg M, Krombach F, Pohl U, Dietzel S. Label-free 3d visualization of
cellular and tissue structures in intact muscle with second and third harmonic
generation microscopy. PloS one. 2011;6:e28237

Alugupalli KR, Michelson AD, Barnard MR, Leong JM. Serial determinations of
platelet counts in mice by flow cytometry. Thrombosis and haemostasis.
2001;86:668-671

Moser M, Nieswandt B, Ussar S, Pozgajova M, Fassler R. Kindlin-3 is
essential for integrin activation and platelet aggregation. Nature medicine.
2008;14:325-330

Bergmeier W, Schulte V, Brockhoff G, Bier U, Zirngibl H, Nieswandt B. Flow
cytometric detection of activated mouse integrin alphaiibbeta3 with a novel
monoclonal antibody. Cytometry. 2002;48:80-86

Pircher J, Fochler F, Czermak T, Mannell H, Kraemer BF, Wornle M,
Sparatore A, Del Soldato P, Pohl U, Krotz F. Hydrogen sulfide-releasing
aspirin derivative acs14 exerts strong antithrombotic effects in vitro and in
vivo. Arteriosclerosis, thrombosis, and vascular biology. 2012;32:2884-2891
Massberg S, Enders G, Leiderer R, Eisenmenger S, Vestweber D, Krombach
F, Messmer K. Platelet-endothelial cell interactions during
ischemia/reperfusion: The role of p-selectin. Blood. 1998;92:507-515
Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: An open-source platform
for biological-image analysis. Nat Methods. 2012;9:676-682



ORIGINAL www.jpeds.com « THE JOURNAL OF PEDIATRICS

ARTICLES

Early Microvascular Changes with Loss of the Glycocalyx
in Children with Type 1 Diabetes

Claudia Nussbaum, MD', Ana Cavalcanti Fernandes Heringa, MD', Zuzana Mormanova, MD',
Alexandra F. Puchwein-Schwepcke, MD', Susanne Bechtold-Dalla Pozza, MD?, and Orsolya Genzel-Boroviczény, MD'

Objective To evaluate the microcirculation of children with type 1 diabetes mellitus who demonstrate no clinical
signs of diabetic microangiopathy for the presence of microvascular alterations and glycocalyx perturbation.
Study design Images of sublingual vessels were obtained in 14 children with diabetes (ages 12.8 + 2.8 years,
diabetes duration 6.7 + 4.3 years) and 14 control patients (ages 11.8 + 2.8 years) by the use of sidestream dark
field imaging and analyzed for total vessel density, vessel surface coverage, vessel diameter distribution, mean
flow index, and glycocalyx thickness. Wilcoxon rank sum test and Pearson correlation were used for statistical
analysis.

Results We observed profound microcirculatory changes in children with diabetes compared with control
patients, with a significant reduction of glycocalyx thickness (0.38 um vs 0.60 um; P = .013), which was inversely
correlated with blood glucose levels (r = —0.55; P = .003). Furthermore, the percentage of large vessels (>20 um
diameter) was significantly increased (11% vs 6%; P = .023) at the expense of capillaries (<10 um diameter) with
consequent increase in total vessel surface coverage (30% vs 26.0%; P = .041). No differences were seen in total
vessel density and mean flow index.

Conclusions Microvascular alterations, including changes in microvessel distribution and loss of the glycocalyx,
can be detected in children with type 1 diabetes mellitus before clinically apparent vascular complications. Our
results disclose the glycocalyx as a possible monitoring measurement for earlier detection of diabetic microangi-
opathy and may provide a basis for new therapeutic strategies aiming at protection or restoration of the glycocalyx.
(J Pediatr 2014;164:584-9).

he long-term outcome of patients with type 1 diabetes mellitus (TIDM) is governed by the occurrence of vascular

sequelae such as nephropathy, retinopathy, and cardiovascular disease, which are leading causes of morbidity and pre-

mature mortality." The prevention and early identification of vascular complications are a central issue in the care of
patients with diabetes.

The pathogenesis of vascular complications still remains incompletely understood; however, endothelial dysfunction (ED) is
thought to play a central role in the development of diabetic microangiopathy and macroangiopathy.” There is some evidence
that endothelial-dependent responses of the microvasculature and macrovasculature are impaired in children with TIDM
when vascular complications are still subclinical.”* These studies are supported by reports of increased markers of endothelial
activation and perturbation such as intercellular adhesion molecule 1, E-selectin, and von Willebrand factor,’ along with
carotid intima-media thickening indicating beginning arteriosclerosis.””

The mechanisms leading to ED in diabetes mellitus are multifactorial.” Large clinical trials have underscored the causative
role of hyperglycemia,”'’ which contributes to ED by increasing production of reactive oxygen species and oxidative stress,
activation of protein kinase C, and generation of vasoactive and proinflammatory substances. In recent years, the endothelial
glycocalyx has emerged as an important target of hyperglycemia-induced vascular damage.'' This complex layer of proteogly-
cans, glycoproteins, glycosaminoglycans, and attached plasma proteins covers the endoluminal vessel surface and has been
recognized as a critical regulator of vascular integrity and endothelial function.'” Acute and chronic elevation of blood glucose
levels cause perturbation of the glycocalyx, leading to ED and increased microvascular permeability in vitro and in vivo.' "
Greater levels of hyaluronan, a major constituent of the endothelial glycocalyx, were found in the circulation of adults with
diabetes, where they correlated with increased intima media thickness.'” These data suggest that loss of the endothelial
glycocalyx or alterations in the composition of the glycocalyx may present a common mechanism underlying the development

BP Blood pressure
ED Endothelial dysfunction
HbA1c  Glycosylated hemoglobin Alc From the 'Division of Neonatology IS; 2Division of

f Endocrinology, Dr. von Hauner Children’s Hospital,
MFI Mean flow index . University Children’s Hospital Munich, Munich, Germany
SDF Sidestream dark field . .

. i The authors declare no conflicts of interest.

T1DM Type 1 diabetes mellitus
TVD Total vessel density 0022-3476/$ - see front matter. Copyright © 2014 Mosby Inc.
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of both microvascular and macrovacscular complications in
diabetes. To date, it is not known whether such alterations
of the glycocalyx occur in children with diabetes. Therefore,
we assessed the microcirculation and the microvascular
endothelial glycocalyx in children with TIDM and control
patients.

Children with T1DM were recruited during their routine
outpatient visits at the Dr. von Hauner Children’s Hospital,
University of Munich Medical Center. All patients had
been diagnosed with TIDM for at least 1 year, and the diag-
nosis was made according to the current criteria of the Amer-
ican Diabetes Association: (1) symptoms of diabetes; (2)
random plasma glucose or 2-hour plasma glucose during
oral glucose tolerance testing of 200 mg/dL (11.1 mmol/L)
or greater or fasting plasma glucose of 126 mg/dL
(7 mmol/L) or greater; (3) detection of diabetes-specific
autoantibodies; and (4) increased glycosylated hemoglobin
Alc (HbAlc) levels. All patients were kept on daily subcu-
taneous insulin regimens. Two children were treated with
L-thyroxin for autoimmune thyroiditis. One patient was
suffering from paroxysmal seizures of unknown origin, and
one patient had arterial prehypertension (blood pressure
[BP] values ranging from the 90th to the 94th size-adjusted
percentile). None of the children suffered from celiac disease.

Patients were screened routinely for the presence of micro-
albuminuria by measurement of the urinary albumin/creati-
nine ratio in first urine of the morning and for retinopathy by
an annual mydriatic ophthalmoscopy examination per-
formed from 11 years of age with =5 years of diabetes” dura-
tion, with none of the children demonstrating pathologic
results. Pubertal status in patients with diabetes was docu-
mented twice a year, and there was no delay in pubertal
development.

Age- and sex-matched control patients were recruited
from the surgical outpatient clinic at the Dr. von Hauner
Children’s Hospital, University of Munich Medical Center
where they presented for minor elective surgical procedures,
including dermatologic, urologic, and orthopedic interven-
tions. The presence of comorbidities likely to affect the
(micro-) circulation in controls, such as hypertension, dia-
betes mellitus, acute infections, lead to the control patient’s
exclusion from the study. For all patients with TIDM and
control patients, fasting plasma glucose levels, leukocyte
count, and hematocrit were determined by the use of stan-
dard laboratory tests. Furthermore, the current HbAlc value
of patients was measured, and the average HbAlc level dur-
ing the preceding 2 years was retrieved from the patients’ re-
cords. Level of HbAlc was measured by DCA 2000 Control
(Bayer AG, Leverkusen, Germany), based on specific inhibi-
tion of latex immunoagglutination. Normal values of HbAlc
as established in our laboratory range from 4.0% to 6.0%.

Blood was collected through peripheral venous puncture via
the use of routine blood-collection tubes (S-Monovetten; Sar-
stedt, Nuembrecht, Germany), and samples were immediately

Vol. 164, No.3 e March 2014

transferred to the clinical laboratory for further processing.
Written informed consent was obtained from at least one
parent or legal guardian before the patient’s inclusion in the
study. The study was performed in accordance with the Decla-
ration of Helsinki, and the study protocol was approved by the
local ethics committee.

The sublingual microvasculature was visualized by use of
the sidestream dark field (SDF) imaging technique as previ-
ously described.'® Images (phase alternating line format,
1.35 um/pixel) were recorded at a frame rate of 25 frames/s
with a handheld video microscope (MicroScan; Microvision
Medical, Amsterdam, The Netherlands) with a 5-fold objec-
tive connected to a computer and monitor via an analog-to-
digital converter. The recordings were performed at the
central area under the patient’s tongue with patient lying
on their back and took approximately 5-10 minutes. Care
was taken to avoid movement artifacts and pressure on the
tissue, as seen by increased background illumination attribut-
able to greater reflection of light. To minimize measurement
bias attributable to variability of the microvasculature within
the sublingual area, at least 5 video sequences of 10 seconds’
duration for each participant were obtained and stored digi-
tally for later offline analysis. All recordings were performed
by the same investigator to preclude interobserver variability.

Video sequences of the sublingual microcirculation under-
went blinded offline analysis with the Automated Vascular
Analysis software (AVA; Version 3.0, University of Amster-
dam, Amsterdam, The Netherlands). Vessels were classified
according to their diameter into small (<10 pm), medium
(10-20 pm), and large (>20 um). The following measures
were calculated automatically: (1) total vessel density
(TVD), defined as the total vessel length (mm) per image
area (mm?); (2) vessel diameter distribution, describing small,
medium, and large vessels as percentage of total vessel length;
and (3) vessel surface coverage, defined as the percentage of
the total image area that is covered by vessel surface. Because
the latter integrates both TVD and vessel diameter distribu-
tion, it is a sensitive measure of early, more subtle microcircu-
latory changes. Furthermore, blood flow velocity was assessed
semiquantitatively according to the classification of Boerma.
For this purpose, recordings of the sublingual microvascula-
ture were divided into 4 quadrants, and a Boerma score was
assigned to each quadrant depending on its predominant
flow characteristics: no flow = 0, intermittent flow = 1, slug-
gish flow = 2, and continuous flow = 3. The mean flow index
(MFI) was then calculated as average of the 4 quadrants.

Estimates of the endothelial glycocalyx dimension were
obtained with a method that is based on the linear theory
model as published by Nieuwdorp et al.'” This method takes
into account that flowing red blood cells are unable to
compress or enter the intact glycocalyx and leukocytes trav-
eling through a capillary are more rigid and cause compres-
sion of the glycocalyx. This allows the following red blood
cells to get closer to the vessel wall, leading to a transient
widening of the red blood cell column. By measuring the
diameter of the red blood cell column before and after pas-
sage of the leukocytes (A vessel diameter), one can derive
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an estimate of the local glycocalyx thickness by using the
formula:

glycocalyx thickness = 1/2 x A vessel diameter

The method has been validated against measurements of
the erythrocyte-endothelial gap as the gold standard showing
good correlation (r* = 0.973) and high reproducibility.'’

For our purposes, video sequences of the sublingual
microvasculature were screened for spontaneous leukocyte
passage through a capillary. The diameter of the red blood
cell column was determined by use of the digital image pro-
cessing software Image] (National Institutes of Health,
Bethesda, Maryland). Before measurements were taken, the
program was calibrated with a 1 mm/0.01-mm stage micro-
meter. To determine the red blood cell diameter, a perpen-
dicular line was drawn though the according vessel and a
light intensity profile plotted along the line before and
directly after passage of the leukocyte. The diameter was
defined as full width at one-half maximum of the corre-
sponding light intensity profile. Only vessels with a diameter
ranging from 3 to 7 um were used for evaluation. The indi-
vidual glycocalyx thickness was obtained by calculating the
mean of at least 4 measurements in different vessels per child.

To determine interrater and intrarater reliability of our an-
alyses, random SDF sequences of patients and controls were
chosen for parallel assessment by 2 different raters as well as
repeated assessment by the same rater at different time points.

Statistical Analyses

For pairwise comparison between experimental groups, a
Wilcoxon rank sum test was performed. For univariate cor-
relations between microvascular glycocalyx and other vari-
ables, as well as intrarater and interrater correlation
Pearson correlation coefficient was determined. A P < .05
was considered statistically significant. All statistical analyses
were carried out with SigmaStat 3.5 (Systat Software Com-
pany; GmbH, Erkrath, Germany). Data are presented as
median (lower quartile-upper quartile).

A total of 14 children with TIDM and 14 control patients
were included in the study. Baseline characteristics of the 2
groups are provided in Table I. No significant differences
between the groups were noted for age, sex, systolic and
diastolic BP, body mass index, and hematocrit. As
expected, blood glucose levels were significantly increased
in children with diabetes compared with control patients.
The median current HbAlc value in children with diabetes
was increased above the normal range and did not differ
significantly from the average HbAlc level during the
preceding 2 years. Individual HbAlc values correlated
significantly with the average HbAlc (r = 0.84, P < .001).
The white blood cell count also was found to be
significantly greater in patients with TIDM than control
patients.
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(Table I. Patient characteristics and laboratory values W
P value
Patients with Control rank sum
TiDM n patients n test
Clinical data

Age,y 13.6[9.9-14.4* 14 11.6[9.7-14] 14 .382

Age at 6.5[3.5-7.8] 14 na. n.a.
diagnose, y

Mean diabetes 6.3 [3.3-9.3]
duration

Male sex 8of 14 70f 14 n.a.

BMI, kg/m? 20.4 [16.7-23.0] 14 16.5[15.5-19.1] 11 .106

Systolic BP, 112 [108-117) 14 111 [109-116] 13  .752
mm Hg

Diastolic BP, 63 [58-67] 14 65[61-72) 13  .679
mm Hg

Laboratory data

Blood glucose, 127 [93-165] 14 81[75-95] 14 004"
mg/dL

HbA1c, % 7.8[7.2-84] 13 n.a. na.

HbA1c, mmol/  61.8 [55.2-68.3] 13 na. n.a.
mol

HbA1c 2-year 74[7.0-80] 14 na. n.a.
average, %

Het, % 38.2[36.9-41.2] 14 38.6[36.7-39.9] 14  .504

WBC, g/L 6.9[5.8-91] 14 59[50-60 14 .031"

\ 7

BMI, body mass index; Hct, hematocrit; n.a., not applicable; WBC, white blood cells.
*VValues are given as median [lower quartile-upper quartile].
TStatistically significant.

The TVD of the sublingual vasculature and the MFI were
found to be similar between children with diabetes and con-
trols (TVD [mm/mm?] patients with TIDM 20.9 [19.0-21.4]
vs control patients 19.2 [18.2-20.6]; P = .2; patients with
T1DM with a MFI score of 2.6 [2.5-2.8] vs control patients
2.9 [2.7-3.09]; P = .08). However, when the vessel diameter
distribution was examined, the percentage of large vessels
(>20 um) was significantly increased in children with dia-
betes compared with control patients (patients with diabetes
11% [9%-13%] vs control patients 6% [3%-8%]; P =.023) at
the expense of small vessels (Figure 1, A). This resulted in a
significantly greater vessel surface coverage in the diabetic
group compared with control patients (Figure 1, B).

Estimates of the microvascular glycocalyx thickness were ob-
tained for capillaries of the sublingual vasculature. Compared
with control patients, children with TIDM showed a signifi-
cantly reduced glycocalyx thickness (0.38 um [0.3-0.41 um)]
vs control patients 0.60 um [0.51-0.70 um]; Figure 2, A). We
did not observe differences in the glycocalyx dimensions
between female and male patients (data not shown).
Furthermore, a significant inverse correlation was noted
between the microvascular glycocalyx dimension and acute
serum glucose levels in children with diabetes and control
patients (Figure 2, B). No significant correlation existed
between glycocalyx thickness and HbAlc (r = 0.24, P = .42),
body mass index (r = 0.31, P = .14), duration of diabetes (r =
—0.196, P = .50), age at diagnosis (r = 0.197, P = .50), current
age (r = —0.24, P = .22), and systolic (r = —0.34, P = .09) or
diastolic BP (r = —0.18, P = 0.38).

Opverall, SDF-based analysis of microcirculatory measure-
ments and microvascular glycocalyx thickness in sublingual
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vessels of patients and controls showed good interrater and
intrarater correlation with correlation coefficients ranging
between 0.74 and 0.99 (Table IT; available at www.jpeds.com).

We found a significant reduction of the microvascular endo-
thelial glycocalyx thickness in children with diabetes by 36%
compared with control patients. This finding is line with pre-
vious reports demonstrating a glycocalyx loss in sublingual
capillaries by 18%-44% in adults with TIDM'® and type 2
diabetes mellitus'’ compared with control patients. Our esti-
mates of the glycocalyx in the control group are in accor-
dance with measures obtained in healthy adults ranging
from 0.58 to 0.9 um in sublingual capillaries.'”"®

Results from the Diabetes Control and Complication Trial
and the Epidemiology of Diabetes Interventions and Compli-

ORIGINAL ARTICLES

cations Study confirm the importance of glycemic control in
the prevention of vascular complications in patients with dia-
betes.”'” Here we found a significant inverse correlation of
blood glucose levels and glycocalyx dimensions. Experi-
mental data from animal models® and humans'* demon-
strate that elevation of blood glucose up to levels around
16-25 mmol/L (290-450 mg/dL) causes an acute loss of the
glycocalyx along with an increase in circulating glycocalyx
degradation products, suggesting glycocalyx shedding. This
shedding may have severe consequences, because disruption
of the glomerular endothelial glycocalyx was directly linked
to the development of microalbuminuria as marker for dia-
betic nephropathy in adult patients.'™*' Furthermore, circu-
lating glycocalyx degradation products correlate significantly
with the carotid intima media thickness in adults with
T1DM, suggesting a possible association between glycocalyx
damage and the development of arteriosclerosis.'”

A)
patients
*
69%
B)
50 1
*
40 1

30 1 —|_

controls

I small vessels
O medium vessels

O large vessels

vessel surface coverage [%]

oA

20 - J_

patients

controls

Figure 1. The sublingual microvasculature of children with TIDM (patients, n = 14) and control patients (n = 14) was visualized
using SDF imaging (5-fold objective) and analyzed off-line with AVA 3.0 software (University of Amsterdam, The Netherlands).
A, Vessel diameter distribution: *Percentage of large vessels in patients with T1DM vs control patients, P = .023, rank sum test.
B, Vessel surface coverage: *Patients with T1IDM vs control patients, P = .041, rank sum test. Data are depicted as median,

lower/upper quartile, and min/max.
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Figure 2. The dimension of the sublingual endothelial glyco-
calyx in children with TIDM (patients, n = 14) and control
patients (n = 14) was indirectly calculated according to the
formula: glycocalyx thickness = 72 * A vessel diameter, with A
being the difference in vessel diameter before and after
spontaneous leukocyte passage. A, Microvascular glycocalyx
thickness: *Patients with T1DM vs control patients, P = .013,
rank sum test. Data are depicted as median, lower/upper
quartile, and min/max. B, Inverse correlation of glycocalyx
thickness with acute blood glucose levels (r = —0.55, P = .003,
Pearson correlation).

Because our investigations were limited to the sublingual
microvasculature, we cannot say whether other vascular
beds, such as the glomerular capillaries, are equally affected.
However, it seems likely that our findings are not a local phe-
nomenon but reflect a systemic condition because hypergly-
cemia should affect all vascular beds. This assumption is
supported by previous studies demonstrating a parallel
reduction of glycocalyx thickness in sublingual and retinal
vessels in adults with type 2 diabetes mellitus'” as well as a
direct correlation of sublingual glycocalyx dimensions with
estimates of the systemic glycocalyx volume.'® Therefore,
the microvascular glycocalyx in sublingual vessels might
serve as surrogate monitoring measurement to detect sub-
clinical systemic microangiopathy.
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Glycocalyx dimensions did not correlate with HbAlc levels
in our study. A possible explanation may be that the HbAlc
provides information on average blood glucose levels and
does not adequately express the amplitude of acute glucose
fluctuations. These acute fluctuations were suggested to be
amore potent inducer of oxidative stress than chronic hyper-
glycemia.”” Increased oxidative stress is thought to be a cen-
tral mechanism in the development of ED, and reactive
oxygen species can directly disrupt the glycocalyx.”” Interest-
ingly, hyperglycemia and oxidative stress also trigger the pro-
duction of advanced glycation end products, which exert
potent proinflammatory activity. Elevated markers of
inflammation such as C-reactive protein or interleukin-6
have been detected in children and adults with diabetes,***
supporting the notion that diabetes represents a condition
of chronic inflammation. This might explain the significantly
greater white blood cell counts in children with diabetes
compared with control patients.

We also observed changes in the diameter distribution of
the sublingual microvasculature in children with diabetes
with a significantly greater percentage of vessels >20 um at
the expense of capillaries. A similar pattern has been
described by Algenstaedt et al,”” who investigated the micro-
vasculature in early-stage diabetic mice and found a shift in
the diameter peak towards greater values with a significant
reduction of capillaries compared with controls. In poorly
controlled children with T1DM, a significantly larger diam-
eter in the venous capillary trunk of the nailfold has been
described.”® These changes may have severe consequences
as a reduction in the number of capillaries available for oxy-
gen supply will ultimately result in tissue hypoxia.”’

There are some limitations to our study. Because the oft-
line analysis is still very time-consuming and not suitable
for bedside analyses, only a relatively small number of pa-
tients with diabetes and control patients were included in
the study limiting the generalizability of our results. There-
fore, our findings need to be confirmed in larger cohort pro-
spective clinical studies. Hopefully, this can be achieved in
the future by the development of improved analysis systems,
allowing a real-time assessment of the microcirculation as
requirement for its application in the clinical setting.
Furthermore, we cannot exclude that the microvascular alter-
ations we observed in children with diabetes are only a tran-
sient phenomenon. Further research looking at the effect of
intraindividual blood glucose variations in a longitudinal
approach is necessary to dissect acute from chronic changes
and to answer the question, whether these alterations are pre-
dictive for the development of vascular complications.

Our study does provide in vivo evidence that diabetes-
associated changes of the microvasculature, which so far have
only been described for adult patients, already occur in children
with T1IDM. These changes are known to precede vascular com-
plications and are thought to contribute essentially to their
development. Considering that none of the children with dia-
betes had signs of vasculopathy in the routine screening tests,
including urine analysis and ophthalmoscopic examinations,
our findings are of clinical interest, because they may help to
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identify patients at greater risk of developing vascular complica-
tions at an earlier stage. Recognition of the glycocalyx as an early
target of diabetes-induced damage may provide a basis for new
therapeutic concepts aiming at restoration and protection of the

glycocalyx to prevent vascular complications.
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( Table II. Intrarater and interrater correlation W
Measurements Patients with T1IDM/control patients Intrarater correlation (r) P-value Interrater correlation (r) P-value

TVD 10/10 0.98 <.001 0.96 <.001
Vessel surface coverage 10/10 0.96 <.001 0.90 <.001
% small vessels 10/10 0.99 <.001 0.94 <.001
% medium vessels 10/10 0.96 <.001 0.94 <.001
% large vessels 10/10 0.99 <.001 0.92 <.001
Glycocalyx thickness 5/5 0.74 .015 0.78 .008
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CONGENITAL HEART DISEASE: CONGENITAL

Perturbation of the microvascular glycocalyx and perfusion in infants

after cardiopulmonary bypass

Claudia Nussbaum, MD,*® Amelie Haberer, MD,* Anna Tiefenthaller,” Katarzyna Januszewska, MD,"
Daniel Chappell, MD. Florian Brettner, MD," Peter Mayer, MD," Robert Dalla Pozza, MD," and

Orsolya Genzel-Boroviczény, MD*

ABSTRACT

Objective: Perturbation of the endothelial glycocalyx is discussed in the pathogen-
esis of complications related to cardiopulmonary bypass. We evaluated the effects of
cardiopulmonary bypass on the microcirculation and the microvascular endothelial
glycocalyx of infants undergoing surgery for congenital cardiac defects.

Methods: The microcirculation was visualized at the ear conch using Sidestream
dark field imaging before surgery (TO0), after admission to the intensive care unit
(T1), 24 hours postsurgery (T2), and 7 days postsurgery (T3). Glycocalyx
thickness was assessed by measurement of the perfused boundary region.
Microcirculatory parameters included total and perfused vessel density, vessel
diameters, and microcirculatory flow index.

Results: A total of 40 infants undergoing cardiac surgery (36 with cardiopulmo-
nary bypass, 4 without cardiopulmonary bypass) were examined. As controls,
measurements before and after cardiac catheterization (n = 6) and before and after
surgery for cleft palate (n = 9) were performed. After surgery with cardiopulmo-
nary bypass, the perfused boundary region was significantly increased, indicating
reduced glycocalyx thickness at T1 compared with preoperative values with a
stepwise return to baseline by T3. In the control groups, no significant perfused
boundary region changes were noted. Furthermore, after cardiopulmonary
bypass, a transient, significant reduction of the microcirculatory flow index and
the perfused vessel density was seen at T1. Similar changes were observed after
cardiac surgery without cardiopulmonary bypass, but not in the other controls.

Conclusions: Our study reveals for the first time local perturbations of the
endothelial glycocalyx and microvascular perfusion in infants after surgery
with cardiopulmonary bypass. Microcirculatory monitoring might be a useful
tool to evaluate interventions aiming at reduction of bypass-related complications.
(J Thorac Cardiovasc Surg 2015;150:1474-81)

Reduced microvascular perfusion and glycocalyx
perturbation after CPB in infants (T1).

Central Message

We show for the first time an acute perturbation
of the microvascular glycocalyx and perfusion
after cardiopulmonary bypass in infants.

Perspective

Glycocalyx shedding and disturbed microcir-
culatory perfusion are thought to contribute to
complications after cardiopulmonary bypass.
Monitoring of the microcirculation might be a
useful tool to evaluate interventions aiming at
the reduction of bypass-related complications.

See Editorial Commentary page 1482.

8 Supplemental material is available online.

The endothelial glycocalyx (EG) is increasingly recognized
for its pivotal role in vascular homeostasis." This fragile

From the “Division of Neonatology, Campus Innenstadt, Dr von Hauner Children’s
University Hospital Munich, Munich, Germany; °Department of Pediatric
Cardiology and Intensive Care Medicine, Dr von Hauner Children’s University
Hospital Munich, Munich, Germany; “Department of Cardiac Surgery, University
of Miinster, Albert-Schweitzer-Campus 1, Miinster, Germany; dDepartment of
Anesthesiology, University Hospital of Munich, Munich, Germany; and
“Department of Oral and Maxillofacial Surgery, Ludwig-Maximilians-University
Munich, Munich, Germany.

The study was supported by a research grant from the Deutsche Gesellschaft fiir
Padiatrische Kardiologie to C.N. None of the coauthors received any form of
honorarium, grant, or other payment with respect to the present article.

1474

structure consisting of proteoglycans, glycoproteins, and
glycosaminoglycans together with associated plasma
proteins covers the lumen of the whole vasculature.’
Because of its central position between the bloodstream
and the endothelium, the EG is a frontline regulator
of vascular functions, including shear stress response,
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Congenital Heart Disease: Congenital

Abbreviations and Acronyms
AC aortic clamping
CLS = capillary leak syndrome
CPB = cardiopulmonary bypass
DHCA = deep hypothermic circulatory arrest
EG = endothelial glycocalyx
MFI = microcirculatory flow index
PBR = perfused boundary region
PVD = perfused vessel density
RBCW = red blood cell column width
S/T = subcutaneous-thoracic

anti-inflammatory, and anticoagulatory properties and
regulation of vascular permeability.” Thus, shedding of
the EG as observed during inflammation/sepsis, hypergly-
cemia, and ischemia/reperfusion leads to increased vascular
permeability with edema formation, leukocyte recruitment,
activation of the coagulation system, and endothelial
dysfunction.””

In infants undergoing surgery with cardiopulmonary
bypass (CPB) for congenital heart defects, many of these
phenomena have been described, including generalized
edema formation (capillary leak syndrome [CLS])® and a
systemic inflammatory reaction with activation of the
complement and coagulation system, platelets, endothelial
cells, and leukocytes.”* These observations suggest that
damage to the EG may present an underlying mechanism
in the pathogenesis of CPB-related complications. In line
with this notion, Bruegger and colleagues’ were recently
able to demonstrate an increase in the circulating levels of
glycocalyx components during cardiac surgery in children
depending on the ischemic impact. These data provide the
first indirect evidence for an acute degradation of the
glycocalyx during CPB in children. However, the data are
not conclusive on the condition of the EG on a local,
microvascular level, and it remains unknown whether
shedding is restricted to the ischemic organs or presents a
global phenomenon.

Therefore, it was the aim of the present study to directly
examine the effect of cardiac surgery with CPB on the
microcirculation and the microvascular EG in infants with
congenital heart defects and to correlate our findings with
the postoperative clinical status.

PATIENTS AND METHODS

The study was performed in accordance with the Declaration of
Helsinki and approved by the local ethics committee. Written informed
consent was obtained from the parents before inclusion in the study. A total
of 40 infants with congenital heart defects were recruited (Table E1 shows
detailed diagnoses). For controls, we measured 6 infants before and after
diagnostic cardiac catheterization and 9 infants before and after
surgery for correction of a cleft palate (perfused boundary region
[PBR] measurements only). None of the children were treated with
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anti-inflammatory medication or received catecholamines before surgery.
Four children with congenital cardiac defect were kept on continuous
prostaglandin E1 infusion.

For diagnosis of CLS in addition to noncardiac edema formation,
pleural effusion, and ascites, the subcutaneous-thoracic (S/T) ratio was
calculated from postoperative chest x-rays as described by Sonntag and
colleagues'” with a threshold of greater than 12.6%.

Cardiopulmonary Bypass Protocol
Depending on the cardiac defect, the following CPB protocols were
applied:

1. CPB under heartbeating conditions (CPB, n = 11): On arterial and
venous cannulation, CPB was established and surgery was continued
without cardiac arrest in normothermia.

2. CPB with aortic clamping (AC) (CPB + AC, n = 17): CPB was
started after arterial and bicaval venous cannulation. After aortic
crossclamping, cardioplegic arrest was achieved by infusion of
Bretschneider-histidine-tryptophan-ketoglutarate  solution into the
aortic root. During the ongoing CPB, the lungs and heart were
exposed to ischemia while the children’s core temperature was
constantly kept at 28° to 32°C.

3. CPB with AC and deep hypothermic circulatory arrest (DHCA)
(CPB + AC + DHCA, n = 8): CPB was started after
cannulation with an arterial and a venous cannula placed in the right
atrium, and cooling began. DHCA with whole body ischemia was
initiated at a core temperature of 18°C. CPB was reinstated for
rewarming.

All children received a systemic heparinization before CPB to keep the
activating clotting time greater than 450 seconds. CPB was performed
using nonpulsatile flow. All infants were weaned from CPB after gradual
rewarming, and heparin was reversed by administration of protamine.
Four children with congenital heart defect underwent open thoracic
surgical procedures without the use of CPB.

Visualization and Recording of the Microvasculature

The skin microvasculature at the fossa triangularis of the ear was
visualized using Sidestream dark field imaging.” Recordings were
performed at 25 frames per second using a handheld video microscope
(MicroScan, 5x/0.2; MicroVision Medical, Amsterdam, The Netherlands)
providing a 325-fold magnification on screen (720 X 576 pixels). Care was
taken to avoid motion artefacts and pressure on the tissue as identified by
increased background illumination. The following time points were evalu-
ated: TO = the day before surgery, T1 = postsurgery/cardiac catheteriza-
tion within 1 hour after transfer to the intensive care unit, T2 = 24 hours
postsurgery, and T3 = 7 days postsurgery. At least 3 video sequences
were recorded for each participant for later off-line analysis.

Measurement of the Endothelial Glycocalyx

The EG dimension was assessed with the GlycoCheck Measurement
Software (GlycoCheck BV, Maastricht, The Netherlands).I ! The software
automatically measures the red blood cell column width (RBCW) in at least
3000 vessel segments within a Sidestream dark field frame. On the basis of
the distribution of the RBCW, the median RBCW is calculated, whereas the
maximum RBCW is derived by linear regression analysis. The PBR,
representing the outer part of the endothelial surface layer penetrable to
erythrocytes, is defined as %2 * (maximum-median RBCW). When the
glycocalyx is lost, red blood cells can move closer to the vessel wall leading
to an increase in the maximum RBCW and thus in the PBR. Because
measurements at TO, T2, and T3 were performed without anesthesia, we
were able to obtain PBR values in only 25 of 40 children with congenital
heart defect, because the program requires minimal motion during the
recordings.
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TABLE 1. Baseline characteristics of the experimental groups

Cardiac surgery with CPB Cardiac surgery without CPB Cardiac catheterization Cleft palate surgery Statistics
No. 36 4 6 9
Sex (male %) 56 25 67 44
Age (mo) 8.9 (0.2-29) 9.0 (0.2-31) 15.4 (5.2-29) 5.2 (3.2-13.5) P=.19
Weight (kg) 6.8 (2.9-14) 5.9 (3-11.3) 9.2 + (4.8-12.8) 6.5 (5.1-8.5) P=.25

CPB, Cardiopulmonary bypass.

Analysis of the Microcirculation

Video sequences were analyzed by a single rater blinded to the time
point of recording, the surgical procedure, and the clinical status of the
child using the Automated Vascular Analysis software (AVA 3.2,
Amsterdam, The Netherlands).

The following parameters were calculated automatically: (1) total
vessel density (mm/mm?), (2) perfused vessel density (PVD) (mm/mm?),
and (3) diameter distribution: percentage of small (<10 pum), medium
(10-20 wm), and large vessels (>20 um). Blood flow was assessed
semiquantitatively by assigning a microcirculatory flow index (MFI)
according to the classification of Boerma and colleagues,'” with 0 = no
flow, 1 = intermittent flow, 2 = sluggish flow, 3 = continuous flow, and
4 = hyperdynamic flow.

Statistical Analysis

Data were analyzed using GraphPad Prism 5 (GraphPad Software Inc,
La Jolla, Calif). Experimental data are presented as median, interquartile
range, and minimum/maximum. Clinical data are presented as mean and
range. For longitudinal comparison of data, a repeated-measures analysis
of variance on ranks or a Wilcoxon signed-rank test was performed as
appropriate. For comparison between 2 or more different experimental
groups, a Wilcoxon rank-sum test or an analysis of variance on ranks
was used. For correlation of 2 variables, a Pearson correlation was
calculated.

RESULTS
Patient Characteristics

Demographic and procedural characteristics of the
patient groups are shown in Tables 1 and 2. There were
no significant differences in age or weight between the
children undergoing cardiac surgery with CPB (in total)
and the control groups; however, children were slightly
older in the cardiac catheterization group and slightly
younger in the cleft palate surgery group. As expected
because of the underlying cardiac defect and thus the
surgical procedure, we found significant differences
among the CPB, CPB + AC, and CPB + AC + DHCA
groups with respect to age, weight, and CPB and AC time
with an inverse correlation between age and CPB duration
(r=—-0.45, P = .005).

Effect of Cardiac Surgery With Cardiopulmonary
Bypass on the Microvascular Endothelial Glycocalyx
To evaluate the effect of surgery with CPB on the EG, the
PBR was determined in the skin microvasculature. At
baseline (TO), PBR values did not differ significantly among
the experimental groups (Figure 1, A and B). Directly after
surgery with CPB (T1), the PBR was significantly increased
compared with TO, indicating an acute reduction of the
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glycocalyx dimension by approximately 0.2 um with a
stepwise return to almost baseline values at T3 (Figure 1,
A). After cardiac catheterization or surgery without CPB,
the PBR did not change significantly (Figure 1, B).

To evaluate whether the increase in PBR and thus the
magnitude of EG damage depend on the ischemic impact
during surgery, we analyzed the CPB and the CPB + AC
groups at T1 separately. Because of the low number of
successful PBR  measurements (n = 3), the
CPB + AC + DHCA group was not included in the
subgroup analysis. Of note, the postoperative increase in
the PBR was found to be identical in the CPB and
CPB + AC groups, arguing for an ischemia/reperfusion-
independent effect (Figure 1, C). In line with this
observation, postoperative PBR values at T1 did not
correlate with CPB duration (r = 0.06, P = .78). Of note,
PBR at Tl was not related to the intraoperative and
postoperative body temperatures (r = 0.27, P = .34 and
r=0.18, P = 4).

Effect of Cardiac Surgery With Cardiopulmonary
Bypass on Parameters of the Microcirculation

At baseline, all groups showed comparable microcircula-
tory parameters (TO in Figure 2, A and B). Although the total
vessel density and the vessel diameter distribution remained
unaffected in all groups (data not shown), we observed an
acute reduction of the microvascular perfusion after cardiac
surgery with CPB (T1), as seen by a significant decrease in
the MFI and PVD, with a return to baseline values within
24 hours (Figure 2, A). In children undergoing cardiac

TABLE 2. Procedural characteristics

CPB + AC +
CPB CPB + AC DHCA Statistics

No. 17 11 8
Age (mo) 13.7 (1-29) 9.3 (2-24) 1.6 (0.2-7) P =.0053
Weight (kg) 8.3 (4.3-14) 7.1 (4.1-12.7) 3.8(2.9-63) P =.004
CPB time 42 (18-65) 82 (28-127) 136 (87-183) P <.001

(min)
AC time NA 46 (9-73) 71 (45-91) P =.049

(min)
DHCA time NA NA 31 (15-56)

(min)

CPB, Cardiopulmonary bypass; AC, aortic clamping; DHCA, deep hypothermic
circulatory arrest; NA, not available.
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the PBR indicate a reduction in the glycocalyx thickness. A, Cardiac
surgery with CPB. B, Control groups. C, CPB subgroup analysis.
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CPB, Cardiopulmonary bypass; PBR, perfused boundary region; 70, Before
surgery, 71, postsurgery after admission to the intensive care unit; 72, 24 hours
postsurgery; 73, 7 days postsurgery; AC, aortic clamping. *P <.05 versus TO.

surgery without CPB, we observed a similar decrease in
both parameters at T1, although values did not reach
significance because of the small group size. In comparison,
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MFI and PVD after cardiac catheterization remained
unchanged compared with baseline (Figure 2, B).
Remarkably, when analyzing the change at T1 for the
different CPB groups separately, we observed significant
differences in the MFI and PVD depending on the ischemic
impact, with the greatest reduction of the MFI at Tl
compared with TO in the CPB + AC + DHCA group
(Figure 2, C). Although neither MFI nor PVD at T1 showed
a correlation with intraoperative temperature, postoperative
arterial blood pressure, or hematocrit (data not shown), we
found a weak but significant inverse correlation of the MFI
with CPB duration (r = —0.39, P = .019) and a direct
correlation of the PVD with body temperature at T1
(r=0.43, P = .01).

Relationship Between Changes in the Perfused
Boundary Region and Microcirculatory Flow Index
and the Postoperative Outcome

To see whether the outcome after surgery with CPB is
related to the changes in the PBR and MFI, we analyzed
the development of CLS, need of mechanical ventilation,
and inotrope demand. In children with CPB, we found a
significant increase in the S/T ratio on the first postoperative
day (T2) compared with TO (Figure 3, A) and a positive
correlation with CPB duration (r = 0.63, P = .0013).
However, only 4 children had an S/T ratio above the
threshold defining CLS. Therefore, we were not able to
stratify our experimental data by the development of CLS.
Stratification by need for mechanical ventilation at T2 and
inotrope demand at T1 revealed an interrelation with CPB
duration (Figure 3, B and C), but no significant association
with the postoperative PBR values or the MFI was seen at
any time point (data not shown).

DISCUSSION

In the present study, we measured the PBR to assess the
integrity of the EG in children undergoing cardiac surgery
and CPB. This approach is based on the observation that
erythrocytes cannot access the intact EG.'> When the
barrier properties of the EG are lost as the result of
glycocalyx perturbation, the PBR increases.'*'> After
surgery with CPB, we observed an immediate significant
increase in the PBR in skin microvessels, indicating an
acute degradation of the microvascular glycocalyx. This
finding is in line with previous studies in adults™'® and
recently in children” reporting increased levels of
circulating EG constituents after cardiac surgery with
CPB. Although these studies provide indirect evidence for
glycocalyx shedding, to our knowledge this is the first study
demonstrating EG perturbation on a microvascular level
after surgery with CPB in children. Of note, the post-
operative increase in the PBR did not differ between infants
receiving CPB with and without AC. This is in apparent
contrast to the study by Bruegger and colleagues,” in which
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the amount of shed EG constituents showed a clear correla-
tion with the ischemic impact depending on the cardiac sur-
gical procedure. However, while the EG constituents
measured in the blood arise from the whole organism and
thus may differ with the amount of organs subjected to
ischemia/reperfusion, we performed our measurements at
the ear, a site that was not exposed to ischemia in the
CPB group or the CPB + AC group. Thus, EG shedding
is not restricted to the vasculature of ischemic organs, but
seems to be a general phenomenon after CPB. This raises
the question why EG perturbation occurs despite the lack
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of ischemic stress. It seems plausible that other factors
contribute to EG shedding, such as contact of the blood
with foreign surfaces, altered blood flow, and manipulation
of the large vessels during CPB."”

In addition, the surgical procedure itself may cause
inflammation and EG shedding, as demonstrated in studies
comparing coronary artery bypass surgery with and without
CPB.'%!%19 Because of the nature of the cardiac defects,
almost all surgical procedures in infants require CPB.
Therefore, it is impossible to compare the same surgery
under on- and off-pump conditions to separate effects of
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the surgery from those of the CPB. We were able to include
data from 4 children undergoing minor open thoracic
surgical procedures without CPB and did not find a
significant change in the postoperative PBR compared
with baseline. However, the limited group size and the
different nature of the surgical procedures performed do
not allow a final conclusion on the subject.

The second finding of this study was the transient
perturbation of the microvascular perfusion after CPB,
which was reversed 24 hours postsurgery. Although
near-infrared spectroscopy is often used during pediatric
cardiac surgery to monitor the cerebral oxygenation as an
indirect measure of perfusion,”’ we are not aware of any
study directly investigating the microcirculation. Previous
studies in adults undergoing cardiac surgical procedures
corroborate our results by demonstrating an acute reduction
of the MFI and the proportion of perfused vessels in the
sublingual microcirculation during surgery and after
admission to the intensive care unit.”">> Of note, the CPB
subgroup analysis revealed a clear dependence of the
microcirculatory alterations on the ischemic stress during
surgery. Accordingly, the postoperative MFI and PVD
were lowest in the DHCA group, whereas both
parameters remained stable in infants subjected to CPB
under heartbeating conditions. This may be partially
explained by differences in the body temperature, because
we observed a weak although significant correlation of
the PVD with postoperative temperature. However,
because the MFI also varied significantly among CPB
subgroups despite a missing correlation with body
temperature, it is likely that other factors contribute to the
perturbation of microvascular perfusion. Accordingly,
distinct blood flow characteristics during surgery might
significantly affect the microvascular perfusion. A
pulsatile flow pattern remains in the CPB group under
heartbeating conditions, whereas perfusion during AC is
completely accomplished by the CPB with nonpulsatile
flow. Studies comparing pulsatile versus nonpulsatile
perfusion have demonstrated that the proportion of
perfused vessels and the MFI were higher under pulsatile
flow even after cessation of CPB.”>”! The impact of
different flow types on the microcirculation and the EG in
particular should be systematically addressed in future
studies, for example, by using small animal models of CPB.

We also observed a reduction in the microvascular
perfusion after cardiac surgery without CPB. Possible
explanations for the occurrence of microcirculatory
disturbances in the absence of CPB may be the inflamma-
tory response induced by the surgery itself, as well as blood
flow disturbances during cardiac displacement.”

What are the clinical implications of our findings? The
EG is thought to be an essential regulator of vascular
permeability,” and degradation of the EG in animal models
resulted in capillary leakage and tissue edema.’*”’
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Therefore, it is conceivable that EG shedding may promote
the development of a CLS, which is characterized by
generalized edema formation and organ dysfunction and
contributes essentially to the morbidity and mortality of
infants undergoing cardiac surgery with CPB.%”* In our
patients, the rate of CLS was low overall despite the
observed PBR changes. This does not necessarily rule out
a causal role of EG disruption in CLS development. First,
the PBR does not provide information on the total
thickness of the glycocalyx. Thus, even if outer parts of
the EG are shed, leading to an increase in the PBR, an
inner layer may still exist and function as diffusion
barrier.”” Second, the PBR does not allow a conclusion on
the composition of the EG. Studies using various enzymes
to degrade the EG have demonstrated that different
components of the EG contribute to permeability of the
glycocalyx to a differing extent.”” Thus, an increase in the
PBR is not necessarily equivalent to an increase in
permeability. Future studies should investigate whether
PBR changes are more pronounced in infants with
postoperative CLS compared with those without and, if
so, define threshold values indicating a higher risk for CLS.

With respect to microcirculatory alteration, we and
others have previously shown that a reduction in the func-
tional small vessel density is an early predictor of sepsis
in newborns,”’ and that heterogeneity of the microvascular
perfusion correlated with organ dysfunction and adverse
outcome in septic adults.”” Similar findings were reported
in patients with cardiogenic shock.” Of note, microcircula-
tory alterations were shown to be independent of the cardiac
index and parameters of the macrocirculation.”"** In line
with this notion, we did not find a correlation between the
MFI or the PVD and systemic hemodynamic parameters,
such as blood pressure or heart rate.

In view of the missing correlation with our postoperative
outcome measures, the consequences of the transient
decrease in the MFI and PVD after cardiac surgery are
arguable. However, inotrope demand and duration of
mechanical ventilation might not be the most suitable
outcome measures for our methodology because they are
subject to a variety of factors. In this context, the significant
association of cardiac and extracardiac complications with
adverse clinical outcome after pediatric cardiac surgery
has recently been highlighted.” Thus, complications such
as arrhythmias or a paralyzed diaphragm may cause higher
inotrope demand and prolonged mechanical ventilation
without necessarily affecting the microcirculation.
Furthermore, the magnitude of microcirculatory alterations
may differ between the skin and other vascular beds, such as
pulmonary capillaries. Sidestream dark field imaging has
recently been successfully used for intraoperative measure-
ments of the liver microcirculation.”” This may be an inter-
esting future approach to directly compare the effect of CPB
on the skin and lung/heart microcirculation.
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Study Limitations

Our study has several limitations. First, because of the
heterogeneity of the cardiac defects, we cannot exclude
that conditions such as varying degrees of hypoxia or
hemodynamic relevant shunts may have influenced our
results. For example, a persistent ductus arteriosus may
significantly alter functional vessel density.’® Furthermore,
we were able to obtain PBR values in only approximately
60% of patients with cardiac defects. Although this was
true for all CPB subgroups, this may still have affected
our results. Second, it remains unclear to what extent
subgroup differences in age and weight, and factors related
to the different surgical procedures may have influenced our
findings. Finally, measurement results obtained at the ear
may not be readily transferred to other organs. Yet, because
investigations of the sublingual and rectal vasculature in
adults undergoing CPB have generated similar
results,”*>"7 it seems likely that our findings are an
expression of a generalized microcirculatory dysfunction.

CONCLUSIONS

Our study reveals local perturbations of the EG and
perfusion at a microvascular level after surgery with CPB
for congenital cardiac defects in infants. Microcirculatory
monitoring might be a useful tool to evaluate interventions
aimed at reducing bypass-related complications.
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TABLE E1. Overview of cardiac diagnoses and surgical procedures

Patient Cardiac diagnosis Surgical procedure Comment
01 TGA, CoA, ASD, VSD, PDA Arterial switch operation, CoA resection,
ASD/VSD closure, PDA ligation
02 ASD, VSD, PDA ASD/VSD closure, PDA ligation
03 HLHS (s/p Norwood) Bidirectional Glenn operation
04 Double-chambered right ventricle, VSD Resection of fibromuscular tissue, VSD closure
05 VSD, Trisomy 21 VSD closure
06 Criss-cross heart, TGA, PA, ASD, VSD (s/p Glenn) Fontan operation
07 IAA, VSD, ASD, PDA Reconstruction of aortic arch, PDA ligation, PA banding
08 TAPVR, ASD, PDA Correction of TAPVR, ASD closure
09 HRHS, ASD, VSD (s/p Glenn) Fontan operation
10 HLHS (s/p Glenn) Fontan operation
11 Heterotaxy, common inlet DORYV, PS, APVR, ASD Bidirectional Glenn operation
12 Sinus venosus ASD Sinus venosus ASD closure
13 TOF Complete correction of TOF
14 Dextrocardia, TA, PS, ASD, VSD Modified Blalock—Taussig shunt Surgery without CPB
15 HLHS (s/p Fontan) Glenn operation
16 AVSD AVSD closure
17 HLHS (s/p Norwood) Bidirectional Glenn operation
18 DORY, hypoplastic LV, MA, LSVC Atrioseptectomy, PA banding
19 HLHS, CoA (s/p Fontan and CoA dilation), re-CoA Stent implantation into aortic isthmus in hybrid technique Surgery without CPB
20 DORYV, ASD, VSD, LSVC RVOT reconstruction, ASD/VSD closure
21 AVSD, Trisomy 21 AVSD correction
22 AVSD, Trisomy 21 AVSD correction
23 HLHS (s/p Glenn) Fontan operation
24 HLHS (s/p Glenn) Fontan operation
25 HLHS (s/p Norwood) Bidirectional Glenn operation
26 DORYV, ASD, VSD RVOT reconstruction, ASD/VSD closure
27 AVSD AVSD correction
28 IAA, VSD, ASD, Reconstruction of aortic arch, ASD/VSD closure
29 HRHS Glenn operation
30 VSD VSD closure
31 HLHS, ASD Bilateral PA banding Surgery without CPB
32 CoA Resection of CoA, end-to-end anastomosis Surgery without CPB
33 TGA, ASD, PDA Arterial switch operation, ASD closure, PDA ligation
34 TOF Complete correction of TOF
35 TA, ASD, VSD (s/p PA banding) Glenn operation
36 HLHS (s/p Glenn), Tricuspid insufficiency Reconstruction of tricuspid valve
37 PA, VSD (s/p modified Blalock-Taussig-Shunt) Reconstruction of RVOT, VSD closure
38 TGA, ASD, PDA Arterial switch operation, ASD closure, PDA ligation
39 HLHS (s/p Norwood) Bidirectional Glenn operation
40 HLHS Norwood operation

TGA, Transposition of the great arteries; CoA, coarctation of the aorta; ASD, atrial septal defect; VSD, ventricular septal defect; PDA, persistent ductus arteriosus; HLHS/HRHS,
hypoplastic left/right heart syndrome; s/p, status post; PA, pulmonary artery; JAA, interrupted aortic arch; TAPVR, total anomalous pulmonary venous return; DORYV, double outlet
right ventricle; PS, pulmonary stenosis; APVR, anomalous pulmonary venous return; 7OF, tetralogy of Fallot; TA, tricuspid atresia; CPB, cardiopulmonary bypass; AVSD, atrio-
ventricular septal defect; LV, left ventricle; MA, mitral valve atresia; LSVC, left superior vena cava; RVOT, right ventricular outflow tract.
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Abstract

Significance: The heme-enzyme myeloperoxidase (MPO) is one of the major neutrophil bactericidal proteins and
is stored in large amounts inside azurophilic granules of neutrophils. Upon cell activation, MPO is released and
extracellular MPO has been detected in a wide range of acute and chronic inflammatory conditions. Recent
Advances and Critical Issues: Apart from its role during infection, MPO has emerged as a critical modulator of
inflammation throughout the last decade and is currently discussed in the initiation and propagation of car-
diovascular diseases. MPO-derived oxidants (e.g., hypochlorous acid) interfere with various cell functions and
contribute to tissue injury. Recent data also suggest that MPO itself exerts proinflammatory properties inde-
pendent of its catalytic activity. Despite advances in unraveling the complex action of MPO and MPO-derived
oxidants, further research is warranted to determine the precise nature and biological role of MPO in inflam-
mation. Future Directions: The identification of MPO as a central player in inflammation renders this enzyme an
attractive prognostic biomarker and a potential target for therapeutic interventions. A better understanding of
the (patho-) physiology of MPO is essential for the development of successful treatment strategies in acute and

chronic inflammatory diseases. Antioxid. Redox Signal. 18, 692-713.

Introduction

THE RECRUITMENT OF leukocytes from the vasculature into
the surrounding tissue is a hallmark of inflammation
(131). Among the first cells to be recruited are polymorpho-
nuclear neutrophils (PMN) (238). These cells are powerful
members of the innate immune system and do not only have
an impressive capacity to generate highly reactive oxidants,
but also contain an armament of potent antimicrobial proteins
that are stored in several specific intracellular granules. One of
the major neutrophil effector proteins is the heme-enzyme
myeloperoxidase (MPO), which is stored in large amounts
inside azurophilic granules and released into the phagosome
after phagocytic uptake of pathogens (109). Furthermore,
MPO is also liberated upon cell activation and the extracel-
lular MPO was detected in a broad spectrum of inflammatory
diseases (224). Since its first description in 1941 by Agner (3),
MPO has long been appreciated mainly for its role in the
killing of phagocytosed bacteria and other pathogens (108).
However, in light of the mostly subclinical phenotype of MPO
deficiency, this concept was challenged and expanded by the
increasing perception that MPO is functionally involved in the

pathogenesis and regulation of various inflammatory condi-
tions (154). Many of these conditions can be directly or indi-
rectly linked to the enzymatic action of MPO. Yet, more recent
data strongly suggest that MPO also exerts immunomodula-
tory functions that are independent of its catalytic properties
(111, 121). This review is aimed at summarizing current con-
cepts on the role of MPO in inflammation, with respect to
basic mechanisms and selected clinical correlates, which will
be a valuable addendum to previous reviews on this topic (11,
82,109, 120, 154, 224). Figure 1 provides a schematic overview
of the diverse effects of MPO on the various cell types in
inflammation.

Characteristics of MPO
Origin and generation

The enzyme MPO belongs to the family of chordata heme
peroxidases, a subgroup of the peroxidase-cyclooxygenase
family (241). The generation and post-translational processing
of MPO has been the subject of intensive research throughout
the last decades as reviewed in (67, 78). Expression of MPO is
restricted to the myeloid lineage of hematopoietic cells, where
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FIG. 1. Schematic overview of the diverse MPO ..... :
effects of MPO in inflammation. MPO - rmestol; Netosis
modulates the activation state of PMN, )
macrophages, and ECs, participates in neu- / RecaRE
trophil extracellular trap formation and

PMN recruitment, leads to the inhibition of
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illustration in color, the reader is referred to
the web version of this article at www
Jiebertpub.com/ars.) CMC, cardiomyocyte;
EC, endothelial cell; ECM, extracellular ma-
trix; eNOS, endothelial NO-synthase; Glx,
glycocalyx; MPO, myeloperoxidase; NO°®,
nitric oxide; PMN, polymorphonuclear neu-
trophil; SMC, smooth muscle cell.

it is mainly found in PMN and in monocytes. MPO is actively
synthesized at the promyelocytic stage, while its expression
ceases with advancing cell differentiation (16, 214). The pri-
mary translation product, an 80-kDa protein (preproMPO),
undergoes a complex series of post-translational modifica-
tions during its maturation process (67). These include (i) re-
moval of a signal peptide and incorporation of high mannose
oligosaccharide side chains to form apoproMPO (153, 155), (ii)
insertion of a heme group yielding the catalytically active
proMPO (12), and (iii) cleavage of the amino-terminal 125
amino acid propetide as well as a 6 amino acid sequence
separating the heavy and the light chain of the final enzyme
(5, 34). In mature neutrophils, MPO is stored in vast amounts
inside peroxidase-positive granules also known as azur-
ophilic granules, where it accounts for almost 7% of the total
neutrophil dry mass equivalent to a concentration of nearly
10x10™° pug/cell (190). Monocytes were shown to possess
around one third of the MPO content found in neutrophils
(27). Although MPO expression is usually lost during differ-
entiation of monocytes into tissue macrophages (133), it can
persist or be reinduced under certain circumstances as dem-
onstrated in atherosclerosis (201, 209) and neurodegenerative
diseases (39, 125). Moreover, MPO was demonstrated in as-
trocytes (136) and in neurons in the brain (37, 71). Notably,
species differences must be taken into account when investi-
gating the role of MPO in human biology. Avian neutrophils,
for example, do not express MPO (172). This is especially
relevant for differences between mice and humans, as murine
knockout models are a common tool to investigate the in-
volvement of MPO in distinct physiological and pathophysi-
ological processes in vivo. The MPO content of murine
neutrophils is only about 15% of human neutrophils (172).
Furthermore, the MPO gene was found to be differentially
expressed in mice and humans (142). These differences limit
the transferability of data from animal studies and may ex-
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plain some of the discrepancies found between mice and men
reported later on in the review.

Structure

The three-dimensional structure of mature MPO consists of
two identical protomers, which are covalently linked by a single
disulfide bridge at CyslS3 forming a 140-kDa homodimer (64,
244). Each half is made up of a heavy 58.5-kDa alpha chain (466
aa) and a light 14.5-kDa beta chain (108 aa) and contains a
functional heme group and a calcium-binding site important for
the correct interaction of both chains (26). The heavy chain in-
cludes five possible sites for N-linked glycosylation (Asn 157,
189, 225, 317, and 563), which were shown to be all occupied by
high mannose type glycans in the human MPO (173, 220). De-
glycosylation of MPO resulted in a significant reduction in the
chlorinating activity as well as in low-density lipoprotein (LDL)
oxidation and MPO-induced reactive oxygen species (ROS)
production demonstrating the importance of glycosylation for
the enzymatic function. Due to the large number of arginine and
lysine residues, MPO is a strongly basic protein (IP>10), and
thus highly cationic at physiological pH (109).

The secondary structure of MPO is mostly alpha helical
with the central heme-containing core being formed by four
helices of the heavy chain and the carboxyl-terminal helix of
the light chain. The remainder of the small chain spans around
the surface of the molecule, while the heavy chain folds into
four separate domains and one single open loop surrounding
the central core (64, 244). A unique characteristic of MPO is its
binding of the heme-group, which is a derivative of proto-
phorphyrin IX (63, 210). The methyl groups of the A and C
pyrrole rings are modified to allow formation of ester linkages
with the protein residues Glu**? of the heavy and Asp”* of the
light chain (113). In addition, a third link is found between the
sulfur atom of Met**® and the f-carbon of the vinyl group on
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FIG. 2. Schematic overview of MPQO'’s catalytic activity. Native ferric MPO reacts with H,O, to form compound I, which
can be reduced back to native MPO either by a two-electron transfer in the Halogenation Cycle generating highly reactive
hypohalous acid or by two separate single-electron transfers in the Peroxidase Cycle via formation of the redox intermediate
compound II. Two further redox states of MPO exist outside the catalytic cycles, namely, ferrous MPO, which is generated by
the reaction of ferric MPO with reducing radicals formed in the peroxidase cycle, and compound III, a ferrous dioxy
intermediate generated by reaction of ferrous MPO with dioxygen, ferric MPO with superoxide anion or compound II with

H,0,. Compound III can act as superoxid dismutase reducing O,°~

to H,O, and O,. H,O,, hydrogen peroxide; O,°~,

superoxide anion; O,, dioxygen; OX™, hypo (pseudo-)halous acid (e.g., hypochlorous or hypobromous acid); RH®, substrate

radical; RH,, oxidizable substrate;

the pyrrole ring A. This sulfonium—ion link seems to be re-
sponsible for the particular spectral properties of MPO lead-
ing to its characteristic green color (112).

Catalytic activity

The enzymatic activity profile of MPO is highly complex
with a multitude of reactive intermediates and feasible sub-
strates being identified throughout the last years. In view of
the multitude of reaction partners of MPO described in the
literature, one should bear in mind that not all reactions that
are possible in vitro actually happen in vivo or are of biological
relevance. The following section will provide a brief overview
of the principal catalytic mechanism of MPO and some of its
intermediates that play a role in modulating cellular functions
described later on (for a comprehensive review the reader is
also referred to (49, 67, 109).

The complete MPO system consists of the enzyme MPO,
hydrogen peroxide (H,O,), generated during the respiratory
burst by dismutation of superoxide anion (O,°”), and oxi-
dizable substrates (120). In general, MPO-catalyzed reactions
can be divided into a so-called halogenation cycle and a per-
oxidase cycle (Fig. 2) (49). The primary reaction common to
both cycles is the reduction of H,O, to water by MPO in its
native state containing ferric iron [MPO-Fe(III)]. This leads to
the formation of a short-lived redox intermediate termed
compound I, which contains an oxyferryl heme and a por-
phyrin n-cation radical (MPO-Fe(IV)=0°"") (72, 140). In the
halogenation cycle, ferric MPO is regenerated by reduction of
compound I via a two-electron oxidation of halides (e.g.,
chloride, bromide, and iodide) or pseudohalides (thiocya-
nate), resulting in the formation of their respective
hypo(pseudo-)halous acid (43, 198, 222). The amount and
kinetics of this reaction are dependent on the substrate
availability and the local pH (25, 66, 198) and were shown to
be significantly increased at acidic environment (89, 90, 243).

X~, (pseudo-) halide (e.g., chloride, bromide).

Under physiological conditions, chloride and thiocyanate
serve as the major substrates for compound I in the haloge-
nation cycle resulting in the generation of the highly reactive
intermediates, hypochlorous acid (HOCI) and hypothiocya-
nous acid (HOSCN) (222).

Host defense and MPO in the phagosome

The contribution of the MPO-H,O,-halide system to path-
ogen killing has been the subject of research for more than
four decades and remains a matter of ongoing debate espe-
cially in the face of the mostly nonovert clinical phenotype of
MPO-deficiency in humans (8, 108, 130, 162, 181, 237).

Despite evidence for a decreased killing activity of MPO-
deficient neutrophils in vitro and a higher susceptibility of
MPO knockout mice toward certain pathogens (9, 10), infec-
tious complications in individuals displaying MPO deficiency
are generally rare (119). This is in sharp contrast to subjects
suffering from chronic granulomatous disease, where inac-
tivity of the superoxide generating nicotinamide adenine di-
nucleotide phosphate (NADPH) oxidase of leukocytes leads
to a markedly increased susceptibility for life-threatening in-
fections (192). One possible explanation for this discrepancy
may be the higher than normal levels of O,*~ and H,O, found
in MPO-deficient human neutrophils (156, 180) together with
an increased capacity for phagocytosis (200) and degranula-
tion (55). However, these rather mild differences to native
neutrophils have been doubted to compensate for the lack of
MPO, in particular, as they have not been found in murine
PMN. Furthermore, the generation of peroxynitrite from O,°~
and NO® has been suggested to be a backup mechanism of
MPO-deficiency (77).

To elucidate the role of MPO for pathogen killing more
profoundly, multiple efforts have been undertaken to disclose
reactions taking place inside the phagosome: Upon invagi-
nation of a microbe, MPO is released into the phagosome up
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to a concentration of about 1 mM (237). As MPO binds effec-
tively to the microbial surface due to its cationic charge, it can
generate oxidants in close proximity to the pathogen (109).
The first direct proof of HOCl-production inside the phago-
some upon ingestion of bacteria has been obtained by labeling
the proteins of Staphylococcus aureus with ['°C,] and identi-
fying corresponding chlorinated isotopes after phagocytosis
(41). Others had investigated the chlorination of fluorescein,
which has been conjugated to microspheres before phagocy-
tosis. Here, the authors estimated HOCl-production inside the
phagosome to be sufficient for bacterial killing (94). Interest-
ingly, no nitration of the phenolic structures of fluorescein
took place even with high concentrations of nitrite. The yield
of HOCI and the balance between MPO’s chlorinating and
peroxidase activity depends—among others—on chloride
availability and pH, with acidic pH favoring chlorination
(229). With the beginning of the respiratory burst, the oxida-
tion of NADPH leads to acidification of the phagosomal cy-
toplasm, with a subsequent transient increase in pH due to
dismutation of superoxide, which consumes H*. Thereupon,
several mechanisms occur, which level the acidity around
pH 6 (77), an important determinant for HOCI production. In
acidic pH, HOCl is then in equilibrium with molecular chlo-
rine (HOCl+Cl™ +H" & Cl+H,0), which has been sug-
gested to be the major agent of 3-chlorotyrosine (3-CIl-Tyr)
synthesis (84). Using a kinetic model of reactions inside the
phagosome, Winterbourn and coworkers calculated that
HOCI is produced at a constant rate of 134 mmol/(l x min)
(based on an estimated phagosome volume of 1.2 ul), even at
neutral pH (237). While 1-5 uM HOCI has been shown to be
rapidly lethal on S. aureus and E. coli in vitro, even 1 mM of
HOCI had no lethal effects in the presence of granule proteins
in phagosomal concentrations (176). Consequently, the im-
portance of the MPO-H,O,-halide system for pathogen killing
remained questionable. Investigations of the primary targets
of MPO-driven oxidation in phagocytosing neutrophils re-
vealed that, for the most part, proteins of the host cell were
oxidized, whereas the ingested bacteria were hardly affected.

Based on these findings and on the observation that the
bactericidal effect of HO, on cultured bacteria was found to
be prevented in the presence of MPO, an alternative role for
MPO was proposed, in which MPO acts as a catalase in the
presence of high levels of H,O, and protects microbicidal
proteins against oxidative damage, thereby preserving their
function (175, 176). This concept was recently challenged by
Winterbourn et al. (237), who estimated the concentration of
H,0, inside the phagosome to be much lower than previously
assumed and suggested that the catalase activity of MPO is
minor in the presence of chloride. Furthermore, instead of
protection against oxidative damage, MPO was shown to
promote inactivation of microbicidal proteins and proteases
present in neutrophils, such as neutrophil elastase (NE), ca-
thepsin G, and lysozyme (87, 228, 230). In turn, activity of
these proteins may be increased in MPO deficiency and could
compensate for the loss of MPO (87), possibly contributing to
the mild phenotype of MPO deficiency.

Extrabactericidal activity

In recent years, growing evidence supports a role of MPO
and its intermediates in inflammatory events independent of
its role in innate immune defense (88, 154). HOC], as a highly

695

potent oxidant, was shown to react avidly with a multitude of
molecules, such as thiols and thioether groups, tyrosyl resi-
dues, amines and amides, sulfides, free fatty acids, and phe-
nols (79, 234, 235). Biological targets of HOCI- and HOSCN-
driven oxidation and chlorination include DNA (69), intra-
cellular-signaling proteins (118, 146), heme proteins (135, 204),
lipoproteins and cholesterol (22, 165, 233), plasma proteins
(165, 166), glycoproteins (174), and many more. The reaction
of HOCI with amino acid residues can cause changes in the
tertiary structure of the target protein, and thereby influence
its activity or processing. This leads to tissue damage by al-
tering cell signaling, cell growth, protein expression, apo-
ptosis, and other important cellular functions and has been
linked to the pathogenesis of various inflammatory diseases
(e.g., atherosclerosis, COPD, malignancy as reviewed in (50,
82, 224). In this context, the formation of 3-Cl-Tyr or 3,5-
dichlorotyrosine (3,5-diCl-Tyr) by HOCI or by chloramines, a
long-lived redox intermediate generated by the reaction of
HOCI with amines, is not only used as a classical marker of
MPO activity, but also discussed for its contribution to the
inflammatory process (44, 46, 99, 102).

As an alternative to the oxidation of halides, ferric MPO can
be regenerated in the peroxidase cycle by oxidization of a
large variety of organic and anorganic substrates, including
aromatic amino acids, phenol- and indole derivatives, ascor-
bate, urate, and others (4, 139, 143, 197, 212, 240). First, com-
pound I is reduced by a single-electron transfer to yield
compound II [MPO-Fe(IV) = O], which has lost the porphyrin
n-cation radical and is unable to react with halides (67). In a
second single-electron transfer, compound II is further re-
duced to native ferric MPO. This second-rate limiting step can
be enhanced by natural reductants, such as ascorbate and
0,°7, thereby regulating the balance between the peroxidase
and the halogenation cycle (104, 140).

The consumption of nitric oxide (NO®), another substrate for
MPO-driven oxidation, and the concomitant generation of re-
active nitrogen intermediates has been shown to be of high
relevance in human biology (1, 19, 42, 57). NO® is oxidized
either directly by compound I or—at physiological concentra-
tions—more likely by reactive intermediates generated in the
peroxidase cycle. In this context, reaction of nitric oxide with
tyrosyl- and ascorbyl radicals was proposed to be the major
mechanism leading to NO® consumption (57). The reaction
intermediate nitrosonium cation (NO™) is rapidly hydrolyzed
to nitrite (NO, ™), which was detected in high concentrations in
various tissues and fluids during inflammation (62, 215, 225).
Furthermore, it was suggested that NO® directly reacts with
compound II and contributes to the turnover of MPO in the
peroxidase cycle (1). However, NO® (standard reduction po-
tential NO™ /NO®: 1.22 V) is unlikely to reduce compound II
(standard reduction potential compound II/ferric MPO 0.97
V), because its reduction potential is too high (65).

In the presence of MPO and H,O,, nitrite is further oxidized
by compound I to generate nitrogen dioxide (NO,"), a highly
unstable radical that avidly promotes protein nitration and
lipid peroxidation (58, 85, 188, 223, 225). This reaction takes
place even in the presence of physiological concentrations of
chloride and is favored at acidic pH (35, 186). Nitrotyrosine
(NO,-Tyr), one of the major products of NO, ~driven oxida-
tion has long been established as an inducer of oxidative stress
and is increasingly recognized as a pathophysiological con-
tributor to inflammation (171). Yet, it cannot be generalized
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from these data that protein nitration takes place wherever
NO® and MPO are present in vivo. This is, for example, dem-
onstrated by Hurst and coworkers, who were unable to detect
any evidence for nitration reactions inside the phagosome (95).

Modlulation and inactivation of MPO

Apart from the previously described forms of MPO, two
further redox states exist, which do not participate actively in
the halogenation or the peroxidase cycle, but are nonetheless
important as their turnover critically regulates MPO catalytic
activity (Fig. 2). These forms are ferrous MPO [MPO-Fe(I)],
which is continuously formed inside the phagosome, and
compound III [MPO-Fe(II)-02], a ferrous dioxy intermediate,
which is generated through reaction of (i) ferric MPO with
superoxide, (ii) ferrous MPO with oxygen or (iii) ferrous MPO
with H,O, via compound II (65, 92, 103). According to these
reactions, the formation of compound III seems favorable in
the presence of Oy, O,°” and H,O, (92, 234, 237) and its
presence was spectroscopically demonstrated inside activated
neutrophils (236). The relative concentration of superoxide,
oxygen, and H,O, will thus modify the catalytic activity of
MPO and determine the amount of reactive intermediates
produced.

0,7, which is produced at a high rate during the respi-
ratory burst inside the phagosome (237), rapidly reacts with
ferric MPO to form inactive compound III (103). It was cal-
culated that the majority of O,°~ consumption in the phago-
some happens through interaction with MPO (237). In turn,
compound III can act as O,°~ dismutase regenerating ferric
MPO. However, at physiologically relevant pH values be-
tween 6.0 and 8.0 in the early phagosome (175), turnover of
compound III is mainly sustained by its dissociation to ferrous
MPO and oxygen rather than its conversion to ferric MPO (92)
(Fig. 2). Superoxide can also serve as an alternative substrate for
compound I and 1I, thereby influencing the turnover in the
peroxidase cycle. In this context, O,°~ was found to prevent the
accumulation of compound II by accelerating the regeneration
of ferric MPO, and thus maintaining production of HOCI (104).

H,0, can modify MPO activity in several ways. Ferrous
MPO is directly converted to compound II by excess H,O,.
This allows MPO to re-enter the active catalytic cycle and
restore chlorinating activity (65). On the other hand, H,O, can
compete with other substrates as an electron donor for com-
pound I and II. However, these reactions seem unfavored
inside the phagosome (237). The affinity of MPO toward H,O,
is altered by binding of small molecules to the heme iron of
MPO. These molecules include NO*®, NO, ~, hydrocyanic acid
(HCN) (1, 138), and carbon monoxide, as recently demon-
strated (150). Binding of these molecules leads to the forma-
tion of a stable low-spin complex, which lacks the free
position of the hexacoordinated heme iron essential for H,O,
ligation. Variations in local pH and availability of competing
substrates further determine the extent of these interactions
and make it difficult to conclude on their in vivo relevance. The
effect of NO*® binding to MPO in vitro was shown to be con-
centration dependent with low amounts of NO® enhancing
peroxidation of substrate, whereas high amounts have an ir-
reversible inhibitory effect through formation of the respec-
tive low-spin six coordinate Fe(III)-nitrosyl complex (1). This
could become relevant under inflammatory conditions, where
high local concentrations of NO® may be present (225), though
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the in vivo significance of this inhibitory mechanism remains
unclear.

Similarly, SCN~ was shown to function as both, substrate
or inhibitor of MPO (205). As suggested by Abu-Soud and
colleagues, this involves two distinct binding sites (169). At
lower concentrations (<60 uM), SCN™ binds to a distal cavity
of compound I (substrate site) and is readily converted to
hypothiocyanate. At higher concentrations, SCN~ addition-
ally occupies a proximal helix site, leading to formation of an
inactive Fe(III)-SCN complex. This can considerably restrict
H,0, access in vitro, however, it is not established whether
formation of such a complex takes place at normal SCN™
plasma levels in vivo. Moreover, OSCN ~ formed by oxidation
of SCN™ in the halogenation cycle can limit the activity of
MPO by promoting accumulation of compound II (221).

Trapping of MPO as compound II is the inhibitory mech-
anism of many endogenous and exogenous compounds as
demonstrated for nonsteroidal anti-inflammatory drugs
(158), nitroxides (170), indole, and tryptamine derivatives
(93). These compounds can be readily oxidized by compound
I, but are a poor substrate for compound II, thereby halting the
peroxidase cycle and limiting the availability of active MPO.
However, due to the presence of natural reductants, such as
ascorbate, urate, and O,°~, the effect of these reversible in-
hibitors in vivo is limited.

Finally, a number of so-called suicide substrates have been
identified, which irreversibly inhibit MPO activity by pro-
moting heme destruction. These include, for example, the hy-
drazide isoniazid, 4-aminobenzoic acid hydrazide (4-ABAH),
and the thyreostatic drug propylthiouracil (36, 226). Just re-
cently, 2-thioxanthines were also shown to effectively suppress
HOCI generation in vitro and in vivo by irreversible inhibition of
MPO (211).

Modulation of Leukocyte Functions
Leukocyte recruitment

One of the central mechanisms in inflammation is the re-
cruitment of leukocytes from the vasculature into the sur-
rounding tissue. This process follows a well-defined cascade
of events and is orchestrated by a complex interplay of ad-
hesion molecules, cell surface receptors, and chemokines
(131). The initial capture and rolling of circulating leukocytes
along the inflamed endothelium are mediated by selectins (P-
E- and L-selectin) interacting with carbohydrate determinants
on selectin ligands, mainly P-selectin glycoprotein-ligand 1
(199). During rolling, the cells are activated by endothelial-
bound chemokines leading to a conformational change of
leukocyte f2-integrins (lymphocyte function-associated anti-
gen-1 [LFA-1] and macrophage-1 antigen [Mac-1]). Integrin
activation enables their binding to endothelial adhesion
molecules of the immunoglobulin superfamily (e.g., intercel-
lular cell adhesion molecule [[CAM]-1 and ICAM-2), which
mediates firm arrest of the cell on the vessel wall in prepara-
tion for subsequent transmigration (242).

Increasing evidence demonstrates a role of MPO-derived
oxidants in leukocyte recruitment (Figs. 3 and 4). Stimulation
of neutrophils with H;O, or monochloramine (NH,Cl) chlo-
ramines resulted in upregulation of f2-integrins on neutro-
phils and enhanced leukocyte recruitment in vivo (203).
HOSCN, one of the major products of physiological MPO
activity, is a potent inducer of E-selectin and ICAM-1
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FIG. 3. Effect of extracellular MPO and MPO-derived oxidants on PMN and ECs. Binding of MPO to PMN leads to the
activation of intracellular- signaling cascades with nuclear translocation of NF«B resulting in increased ROS production,
degranulation, and upregulation of Mac-1 surface expression. In EC, MPO stimulates the production of proinflammatory
cytokines and chemokines, such as IL-6, IL-8, and G-CSF. MPO-derived redox intermediates trigger the expression of
adhesion molecules on PMN and EC, thereby promoting PMN recruitment. (To see this illustration in color, the reader is
referred to the web version of this article at www liebertpub.com/ars.) G-CSF, granulocyte colony-stimulating factor; ICAM-
1, intercellular cell adhesion molecule-1; IL, interleukin; Mac-1, macrophage-1 antigen; MAPK, mitogen-activated protein-
kinase; NF«xB, nuclear factor kappa-light-chain-enhancer of activated B-cells; ROS, reactive oxygen species.
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FIG. 4. The leukocyte recruitment cascade: possible effects of MPO. In noninflamed tissue, electrostatic repulsion be-
tween the negatively charged glycocalyx of PMN and the vessel wall prevents the interactions of circulating cells with the
endothelium. Upon proinflammatory stimulation, highly cationic MPO is released from PMN and binds rapidly to the
endothelial glycocalyx leading to a reduction of the negative surface charge. This allows for electrostatic attraction of PMN to
the endothelium and facilitates receptor-ligand interactions between PMN and ECs, which mediate rolling and adhesion, and
finally transmigration of the cells into the surrounding tissue. MPO further promotes leukocyte recruitment by triggering the
expression of adhesion molecules and the secretion of proinflammatory cytokines and chemokines as depicted in Figure 3.
(To see this illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars.)
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expression in the human umbilical vein endothelial cell (EC)
by a pathway involving nuclear factor kappa-light-chain-
enhancer of activated B-cells (NF«xB). This does not only lead
to increased adhesion of neutrophils to the endothelial lining,
but also to leukocyte recruitment after intraperitoneal injec-
tion of HOSCN in vivo (231). Furthermore, downstream tar-
gets of MPO-derived oxidants, such as HOCl-modified lipids,
can exert proadhesive effects by upregulating the expression
of adhesion molecules (52, 217). Another possible mechanism
by which MPO might indirectly enhance leukocyte adhesion
is via consumption of NO®, which is known to exert anti-
adhesive properties (24, 116).

In addition, leukocytes were shown to directly adhere to
immobilized MPO in a Mac-1-dependent fashion (96). Sur-
prisingly, this property of MPO seems to be independent of its
enzymatic activity as catalase treatment did not alter cell ad-
hesion. In support of this concept, it was demonstrated that
inactive MPO is more effective than catalytically active MPO
in stimulating ECs to produce ROS, interleukin (IL)-6 and IL-8
(128). Increased production of IL-8, a major chemokine in-
volved in neutrophil activation and migration in vivo, could
thus promote leukocyte recruitment. The nature of the dif-
ference between active and inactive MPO remains unclear,
however, as it was proposed that MPO is rapidly inactivated
upon extracellular release (107), this finding could be of high
physiological relevance. MPO is also capable of directly acti-
vating neutrophils in an autocrine or paracrine fashion inde-
pendent of its oxidative properties, but dependent on
leukocyte f2-integrin Mac-1 (121). Extracellular MPO was
shown to bind to circulating neutrophils and to colocalize
with Mac-1 surface expression triggering NADPH oxidase
activity, nuclear translocation of NF«xB, degranulation, and
upregulation of CD11b surface expression (121). These effects
could be blocked by treatment with a blocking antibody
against Mac-1, but not by inhibition of MPO with 4-ABAH.
The in vivo relevance of these observations was recently con-
firmed by a study demonstrating a proadhesive effect of cat-
alytically active as well as inactive MPO in different models of
inflammation (111). Intriguingly, a charge-dependent mech-
anism seems to be involved in directing neutrophil recruit-
ment and migratory behavior. Extracellular MPO as a highly
cationic protein avidly binds to the endothelium and could
thereby promote cell adhesion via an electrostatic interaction
(Fig. 4). A similar effect on leukocyte recruitment has been
described for other highly cationic proteins, such as azur-
ocidin or proteinase 3, which are released by activated neu-
trophils (48, 194, 196). Interestingly, an involvement of the 2
integrin Mac-1 is also discussed for those proteins, similar to
MPO. However, further studies are warranted (i) to explore
the contribution of physical forces for interactions of MPO
with leukocytes (and other cells) and (ii) the role of specific
adhesion molecules, such as Mac-1, in this process. Taken
together, these data support a role of MPO in regulating
leukocyte recruitment in vivo. This notion is supported by
several reports on reduced leukocyte recruitment observed in
MPO-deficient animals in different models of neutrophil-de-
pendent inflammation (74, 111, 141).

Apoptosis and resolution of inflammation

Apoptosis of neutrophils and effective clearance by
phagocytic uptake into macrophages are essential steps in the
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resolution of inflammation (53, 100). This complex process is
highly regulated and disturbances may lead to chronic in-
flammation and increased tissue injury. Research on the role
of MPO in regulating apoptosis of neutrophils and other
leukocyte subsets has yielded ambiguous results.

ROS and the MPO-H,0,-halide system were shown to in-
duce apoptosis involving different pathways (98, 134, 151,
247). H,O, and NH,Cl, as a downstream effector of HOCI-
driven chlorination, exert proapoptotic effects in neutrophils
and Jurkat cells through activation of cJun N-terminal kinase
(JNK) and inhibition of NF«xB (98, 163). The higher rate of
apoptosis was associated with increased caspase cleavage and
contributed to resolution of inflammation in a model of ex-
perimental antigen-induced arthritis (134). Caspase activation
is also triggered by HOCl-modified lipoproteins leading to
apoptosis of monocytes/macrophages and T-cells in vitro (61,
178, 227), and HOCl-modified LDL was found to colocalize
with MPO and CD3-positive T-cells in human placental tissue
(178). HOSCN also induces apoptosis in vitro and was shown
to be more effective than HOCI or hypobromous acid (HOBr),
likely due to a more selective targeting of thiol groups in the
mitochondrial membrane with subsequent cytosolic release of
cytochrome c (132).

In contrast to the aforementioned studies, incubation of
isolated neutrophils with purified MPO reduced cyto-
chrome ¢ release and caspase-3 activation and delayed
spontaneous apoptosis in vitro in a concentration-dependent
manner (59). As previously observed for the proadhesive
properties of MPO, this effect was not inhibited by blocking
MPO catalytic activity with 4-ABAH, but was found to in-
volve Mac-1 integrins and ERK1/2 activation. The anti-
apoptotic effect of extracellular MPO translated into a
prolonged inflammatory reaction in vivo in a model of acute
lung injury (59). It remains unclear whether the anti-
apoptotic effect of MPO is mediated by direct interaction
with neutrophils or possibly via secondary molecules. In this
regard, inactive MPO was shown to trigger the release of
cytokines with known antiapoptotic action, such as granu-
locyte colony-stimulating factor and IL-6 (124, 128). The
MPO-induced delay of apoptosis could be overcome by
treatment with 15-epi-lipoxin A4, which possesses anti-
inflammatory properties and contributes to resolution of
inflammation (60). Interestingly, MPO-deficient mice were
shown to produce a lower amount of anti-inflammatory li-
pid metabolites, but more pro-inflammatory leukotrienes
compared to wild-type (WT) mice following intraperitoneal
injection of endotoxin (115).

Neutrophil macrophage cross talk

The functional interplay between different subsets of
leukocytes is a critical determinant for the course of in-
flammation. Following the initial recruitment of neutrophils,
monocytes enter the inflamed tissue and make contact with
multiple secretion products of activated neutrophils. Several
studies support the concept, that neutrophil cationic pro-
teins, including MPO, are involved in modulating mono-
cyte/macrophage function (Fig. 5) (70, 124, 195). Earlier
studies by Lefkowitz and coworkers using exogenous MPO
at physiological levels to stimulate resident peritoneal mac-
rophages, demonstrated an increased production of tumor
necrosis factor-alpha (TNF-2) and other proinflammatory
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FIG. 5. Role of MPO in neutrophil-macrophage cross
talk. During pathogen elimination, MPO is released from
phagocytosing neutrophils and interacts with nearby PMN
and macrophages. Binding of MPO to the MMR leads to an
increased production of cytokines and chemokines, which in
turn can activate neutrophils, macrophages, and other im-
mune cells in an auto- and paracrine fashion. In addition,
MPO can directly activate neutrophils via interaction with
the f2-integrin Mac-1. These interactions lead to enhanced
ROS production by PMN and macrophages and support
pathogen killing. (To see this illustration in color, the reader
is referred to the web version of this article at www
Jiebertpub.com/ars.) INF, interferon; MMR, macrophage
mannose receptor; TNF, tumor necrosis factor; TNFR, TNF-
receptor.

cytokines in vitro as well as increased serum levels of TNF-u
and interferon-y following intravenous injection of MPO
(127). Exposure to MPO also enhanced phagocytosis and
killing of E. coli and Candida albicans by macrophages
through increased production of ROS (68, 126, 129). The
in vivo relevance of these findings is underscored by the
observation that intra-articular injection of MPO triggered a
flare of experimental arthritis induced by streptococcal wall
fragments (68, 123). These effects were also seen with cata-
lytically inactive MPO, and attributed to a direct interaction
of MPO with the mannose receptor on macrophages. Indeed,
blocking of the mannose receptor with mannans abrogated
the symptoms (joint swelling, erythema) induced by MPO
injection. However, also other receptors or pathways must
exist, as MPO-mediated respiratory burst and production of
TNF-o and IL-1 by alveolar macrophages in vitro was unaf-
fected by coadministration of mannan (70). A possible can-
didate might be the f§ 2 integrin Mac-1, which is involved in
the interaction of MPO with neutrophils (59, 121) and was
shown to mediate effects of other neutrophil proteins on
monocytes (195).

The activation of macrophages (and ECs) by active and
inactivated MPO at sites of neutrophil accumulation with
release of strong proinflammatory cytokines, such as TNF-u
and chemotactic proteins (e.., IL-8), may induce further leu-
kocyte recruitment and contribute to the perpetuation of in-
flammation.
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Neutrophil extracellular trap formation

Besides the classical mode of pathogen elimination by
phagocytic uptake, a novel defensive strategy of neutrophils
termed neutrophil extracellular trap (NET) formation has
been identified by Brinkmann et al. (30). Upon activation by
cytokines or by direct pathogen encounter, neutrophils un-
dergo cytoplasmic and nuclear changes, the intracellular ar-
chitecture is lost, and DNA fibers are expelled that contain
granular proteins and histones. Several studies have demon-
strated NET formation during infection in vitro and in vivo (30,
45) and it has been postulated that within NETs, MPO in
concert with other granular proteins might help to trap and
kill bacteria and fungi due to its highly cationic charge (31).
Interestingly, NETs are also present in sterile inflammation
and seem to contribute to autoimmune and autoinflammatory
disease (73, 101).

The mechanisms leading to NET formation are still in-
completely understood. However, recent studies provide
evidence for a critical role of ROS and MPO during this pro-
cess (144, 164, 219). During NET formation, intracellular MPO
has been localized to the decondensed nucleus and after dis-
integration of the plasma membrane, MPO is erupted and
found within DNA fibers (164, 219). Coincubation of isolated
nuclei from neutrophils with MPO and NE in vitro demon-
strated a dose-dependent increase of NE-induced nuclear
decondensation by MPO. This effect could not be blocked by
addition of 4-ABAH suggesting a mechanism independent of
MPO’s enzymatic activity. The importance of MPO for NET
formation is emphasized by the observation that individuals
with a complete MPO deficiency seem to be unable to gen-
erate NETs upon stimulation of neutrophils with phorbol
myristate acetate or pathogens (144). Whether this is of bio-
logical significance for infection control in vivo needs further
clarification as MPO-deficient neutrophils inhibited C. albicans
growth as efficiently as healthy neutrophils. In constrast, ex-
cessive NET formation as demonstrated in influenza pneu-
monitis and cystic fibrosis might have deleterious effects by
enhancing tissue damage (137, 152). Furthermore, extracel-
lular MPO within NETs might serve as autoantigen, thereby
contributing to the pathogenesis of antineutrophil cytoplas-
mic antibody-associated inflammatory diseases (76, 101).

MPO-Dependent Modulation of ECs and Vascular
Function

EC binding and transcytosis of MPO

The pivotal role of MPO in vascular disease has called for
the investigation of the enzyme’s dissemination within the
vasculature once it is released from activated neutrophils. The
high affinity of MPO to negatively charged structures, which
is due to MPO’s cationic charge at physiological pH, predes-
tines the enzyme to bind to the endothelial surface layer. This
layer is termed “glycocalyx” and carries strong anionic char-
ges arising from proteoglycans with linear polysaccharide
chains composed of sulfated and carboxylated disaccharides
(110). In fact, MPO binds to the vascular endothelium, which
has first been reported in renal arteries of the rat: Upon in-
fusion, MPO was observed to adhere to the glomerular cap-
illary wall, which led to acute glomerular injury following
application of HyO, (97). Further investigations revealed that
the favored binding partner of MPO is the perlecan-
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constituent heparansulfate glycosaminoglycan (GAG), which
is the main component of the endothelial glycocalyx (17, 110).
Several studies confirmed the intense binding of MPO to the
EC in culture (21, 47), in ex vivo (17) and in vivo studies (111,
141). Noteworthy, the affinity to heparansulfate appears to
reach even beyond electrostatic interactions, as the binding to
chondroitinsulfate-GAGs, which are negatively charged as
well, is less pronounced (17). In cell culture experiments and
in humans, MPO was found to be released from the EC sur-
face by the application of heparin—most probable due to a
competing binding of heparin and heparansulfate-GAGs to
MPO (20, 47). Resulting from the abundant binding of MPO to
the glycocalyx, its overall negative surface charge has been
observed to be reduced, which might entail extensive conse-
quences on endothelial functions (111).

Importantly, MPO does not only bind to the luminal sur-
face of ECs, but is also transported through ECs to the baso-
lateral membrane (17). In cultured bovine aortic ECs, MPO
was taken up by the cells, and subsequently accumulated at
the basolateral side, where it colocalized with the matrix
protein fibronectin. Here, MPO remained catalytically active
and in the presence of nitrite promoted the nitration of matrix
protein tyrosine residues. The transcytosis has been suggested
to rely on caveolae, with an electrostatic interaction between
MPO and albumin promoting the uptake of the enzyme to the
vesicles (213). Another study described the EC surface mole-
cule cytokeratin 1 to serve as a receptor for MPO and to fa-
cilitate its internalization (15). Further studies may be
necessary to fully elucidate the subcellular mediators of
MPO'’s fate within the EC.

Endothelial dysfunction

Dysfunction of the endothelium comprises impaired bar-
rier and vasomotor function and imbalanced release of pro-
and anti-inflammatory and -coagulatory factors. A reduced
bioavailability of NO®, which is an important regulator of
endothelial homeostasis, is recognized as a key factor of en-
dothelial dysfunction. The impact of MPO on endothelial
function and the cardiovascular system is summarized in
Figure 6. The accumulation of MPO in the subendothelial
space forces a tight contact of the enzyme with endothelium-
derived NO°. As described above, NO® was identified to serve
as a substrate for the one-electron reactions of the peroxidase
compounds I and II. Thus, MPO was assumed to serve as a
catalytic sink for NO® (1). Further investigations revealed that
under physiological conditions NO®, apart from directly re-
acting with compounds I and II, was oxidized by radical in-
termediates of small molecule substrates of MPO, such as
ascorbate or tyrosine (57). This MPO-dependent oxidative
consumption of the important vasodilating molecule re-
sulted in impaired acetylcholine-induced relaxation of rat
and mouse aortic and tracheal segments (57). Apart from
that, MPO was proposed to attenuate vasodilation via HOCI-
mediated oxidation of L-arginine (245, 246). Moreover, re-
active nitrogen species such as those generated by MPO have
been identified to lead to uncoupling of N NO®*~ synthases,
which results in superoxide production instead of the for-
mation of NO® (250). The impact of MPO on vasomotor
functions has recently been confirmed in a porcine model
disclosing systemic MPO application to decrease myocardial
blood flow, to reduce myocardial perfusion, and to increase
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FIG. 6. Schematic overview of MPO’s impact on the car-
diovascular system. Decreased NO®-bioavailability and in-
creased production of chlorinating and nitrating reactive
species impair endothelial and myocardial humoral and
structural integrity, which contributes to the initiation and
propagation of cardiovascular disease. (To see this illustra-
tion in color, the reader is referred to the web version of this
article at www liebertpub.com/ars.)

pulmonary vascular resistance (182). In patients, a signifi-
cant inverse correlation of MPO plasma levels with the re-
laxation of blood vessels has been described (182).
Furthermore, in patients undergoing coronary angiography,
endothelium-bound MPO was released by heparin applica-
tion, which caused an improvement of flow-mediated dila-
tion (FMD) (20). Further, corroborating the role of MPO in
endothelial dysfunction, microvascular function inversely
correlated with MPO plasma levels in patients with coronary
artery disease (CAD). In these patients, vessel recanalization
upon myocardial infarction increased the concentration of
circulating MPO with enhanced NO® consumption assessed
in their plasma ex vivo (19).

Modification of LDL and high density lipoprotein
by MPO

Atherosclerosis is the principal cause of CAD. The oxi-
dation of lipoproteins, in particular of LDL, is a pivotal
mechanism in atherogenesis (216). Therefore, the inflam-
matory pathways driving oxidative modifications of LDL
have been extensively studied. To date, an increasing body
of evidence reveals that MPO importantly contributes to the
oxidation of LDL. Lysine residues of apolipoprotein B-100—
the predominant protein of LDL—have been found to be
oxidized by HOCI, which resulted in increased uptake of the
modified LDL by macrophages (81). Likewise, the nitrated
form of LDL (NO,-LDL) generated by the MPO-H,O,-ni-
trite-system appeared to be avidly taken up by macrophages
and promoted the formation of foam cells (85, 168). Analysis
of human atherosclerotic aortic tissue disclosed the enrich-
ment of LDL containing 3-CI-Tyr (80, 83) as well as 3-NO,Tyr
(122, 168). Noteworthy, apart from LDL, also the high-
density lipoprotein (HDL) has been identified as a target of
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MPO-dependent modifications. While intact HDL exhibits
antioxidant, anti-inflammatory, and antithrombotic proper-
ties, it can be converted to a dysfunctional form by MPO
(161). In analogy to observations regarding LDL, 3-CI-Tyr
and 3-nitrotyrosine (3-NO,-Tyr) were found to be enriched
in HDL from atherosclerotic intima (22, 167), with the degree
of chlorinated and nitrated tyrosine residues within apoli-
poprotein A1l (the major protein component of HDL) corre-
lating with the prevalence of cardiovascular disease (CVD).
Several studies regarding MPO-modified HDL revealed the
loss of its ability to promote cholesterol efflux from macro-
phages (23, 217, 249).

Unexpectedly, in LDL receptor-deficient mice receiving a
high-fat, high-cholesterol diet, the extent of atherosclerotic
lesions increased in a subgroup transplanted with bone
marrow from MPO-deficient mice (28). Yet, different patho-
mechanisms for the development of murine and human
atherosclerosis were suggested, due to the fact that in MPO-
deficient mice (Mpof/ ~)as well as in WT mice, MPO and 3-Cl-
Tyr were undetectable in aortic lesions. This observation
emphasizes that one has to be aware of species differences
limiting a categorical translation of findings from rodents to
man as mentioned before.

Nevertheless, accumulated data advocate a role of MPO
in the transition of atherosclerotic plaques to a vulnerable
state (160), which is further strengthened by observations
of increased MPO release from PMN, in particular, within
the coronary circulation in patients with unstable angina
(33). Taken together, MPO emerges as a likely modulator
of lipoprotein function and a critical participant in ath-
erogenesis and the initiation and propagation of CVD
(Fig. 7A).

MPO-Dependent Modulation of Myocardial Function
Atrial fibrillation

Besides MPO’s impact on vascular homeostasis, the en-
zyme also modulates myocardial integrity (Fig. 7B). It has
been shown recently, that MPO does not only accumulate in
plasma of patients with paroxysmal atrial fibrillation, but is
also mechanistically linked to the pathogenesis of this disease
(183). Besides electrical triggers, atrial fibrosis with aug-
mented turnover and deposition of collagen and other extra-
cellular matrix (ECM) proteins has emerged as a principal
prerequisite of the perpetuation of the disease (75, 105). Im-
portantly, MPO-derived hypochlorite is known to activate
matrix metalloproteinase (MMP)-7 by oxidation of a critical
cysteine residue in the active site (232). MMPs comprise a
group of proteases responsible for the degradation of ECM
proteins, which can result in augmented turnover of ECM and
release of bioactive fragments and growth factors (51, 149)
and is considered a profibrotic event. In a murine model of
angiotensin II induced MPO release from PMN, MPO has
been proven to promote the activation of MMP-2 and -9
(183). This resulted in increased atrial fibrosis and signifi-
cantly enhanced the vulnerability to atrial fibrillation,
whereas Mpo ™/~ mice exhibited no significant increase in at-
rial fibrosis and fibrillation probability. Of note, the mass
spectrometric and immunohistochemical analysis of atrial
tissue revealed enhanced formation of NO,-Tyr and 3-Cl-Tyr
in angiotensin Il-treated WT mice as compared to Mpo ™/~
mice, which was accompanied by an inhomogeneity of elec-
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FIG. 7. Contribution of MPO to cardiovascular and
myocardial dysfunction. (A) MPO-generated HOCI and ni-
trating species like NO, convert LDL and HDL into a proa-
therogenic form. Chlorination of L-arginine by HOCI and
oxidation of NO® lead to endothelial dysfunction. (B) HOCI
induces the activation of MMPs, which contributes to the
propagation of myocardial fibrosis. Fibrosis of atrial tissue
promotes atrial fibrillation, whereas ventricular fibrosis
nurtures adverse left ventricular remodeling. Further con-
tributing mechanisms of left ventricular remodeling are ox-
idative consumption of NO® and the activation of PAI-1 by
HOCI. (To see this illustration in color, the reader is referred
to the web version of this article at www .liebertpub.com/
ars.) HDL, high-density lipoprotein; HOCI, hypochlorous
acid; LDL, low-density lipoprotein; NO,, nitrogen dioxide;
PAI-1, plasminogen activator inhibitor-1.

Atrial fibrillation

trical conduction. Likewise, in a canine model of sterile peri-
carditis, MPO deposition in the atria was found to correlate
with an inhomogeneity of electrical conduction (91). These
findings support the notion that MPO is critically involved in
the pathogenesis of atrial arrhythmias and evolves as a po-
tential target in this disease.
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Left ventricular remodeling

Whereas left ventricular (LV) remodeling is a physiological
adaptive process of regulating LV function and shape,
multiple research efforts predominantly focus on its patho-
physiological role implicating myocardial infarction or hy-
pertension (202). Inflammation has emerged as a key player in
adverse LV remodeling resulting in a dysfunctional, failing
heart (218). In particular, ischemic cardiomyopathy is pro-
moted by the recruitment and activation of leukocytes (13).
The fact that MPO implicates leukocyte recruitment, endo-
thelial dysfunction, and fibrosis, advocates for a role of MPO
in adverse LV remodeling (Fig. 7B). In fact, a murine model of
acute myocardial infarction revealed preservation of LV
function in Mpo_/ ~ animals (14), which arose from reduced
leukocyte infiltration, diminished collagen deposition, and
attenuated plasmin activity in the myocardium of Mpo ™/~
mice.

Clinical implications

Increasing lines of evidence point toward an important role
of MPO in modulating leukocyte and EC function affecting
vascular and myocardial integrity. Whether these, in part,
proatherogenic mechanisms described so far translate into a
clinical phenotype, however, remains a matter of debate.

MPO as a biomarker in CVD

Clinical studies report increased levels of circulating MPO
in patients with overt CAD compared to healthy controls (157,
248). Zhang et al. (248) could initially reveal that patients in the
highest MPO quartile of leukocyte MPO had an adjusted risk
with an odds ratio of 11.9 (95% CI, 5.5-25.5) for the presence of
CAD. Furthermore, MPO plasma levels are associated with
the clinical outcome in patients suffering from CAD in terms
of long-term cardiovascular mortality, severity of CVD, and
de novo myocardial infarction (38, 86, 147). In a cohort of 885
patients undergoing coronary angiography, baseline-MPO
plasma levels independently predicted long-term cardiovas-
cular mortality and correlated with the severity of CVD.

Remarkably, MPO plasma levels were particularly infor-
mative in patients with acute states of the disease. In patients
presenting with a new onset of chest pain or in the setting of
acute coronary syndromes, MPO is significantly elevated
compared to controls and even provides prognostic infor-
mation about adverse cardiovascular events (18, 29, 38, 147,
148, 179, 187, 191). In these patients, MPO identifies individ-
uals at a high risk for adverse cardiac events, including
mortality, in particular, in those in whom markers of myo-
cardial necrosis—such as troponins-are initially negative (18,
147, 187). MPO plasma concentrations may even increase
more rapidly than troponins, and therefore indicate patients
at high risk at an earlier time point (193).

Notably, MPO does not only suggest to predict an adverse
outcome and future risk of CAD-progression in patients with
acute or stable coronary disease, but also in apparently heal-
thy subjects and after exclusion of CAD (145). Wong et al.
revealed that MPO levels correlated with the extent of depo-
sition of coronary artery calcium assessed by computed to-
mography in asymptomatic adults (239).

The fact that high MPO levels are prognostic for the de-
velopment of CVD in healthy subjects raises the question, if

NUSSBAUM ET AL.

MPO deficiency in humans would be vasculature-protective
per se, assuming that MPO deficiency should be highly ad-
vantageous for one’s health.

Unfortunately, studies ultimately proving this notion are
lacking so far. However, Kutter ef al. followed 92 MPO-
deficient individuals and appropriate control subjects (117)
and disclosed that the number of subjects with cardiovascular
problems, including myocardial infarction and coronary
atheroma was significantly lower among the MPO-deficient
individuals. Furthermore, the observation that nicotine-
driven activation of leukocytes did not alter FMD in patients
with low MPO expression, respectively, strongly suggests
that MPO absence could be critical in regulation of endothelial
function in vivo as mentioned above (182). Further studies
would be valuable to elucidate the dimension of connections
between MPO-dependent proinflammatory mechanisms and
a clinical phenotype.

MPO as a biomarker in heart failure

In analogy to experimental studies investigating MPO’s
role in ischemic heart failure (HF) (13, 14), MPO levels were
found to be associated with the development of HF after
myocardial infarction in patients with a Hazard Ratio of 1.55
(95% CI 1.14-2.11) (191). Furthermore, in patients with diag-
nosed HF, MPO plasma levels were increased in comparison
to healthy controls. Even after adjustment for age and BNP
levels, there remained a strong association of MPO plasma
levels with the prevalence of HF (OR 27.7, 95% CI 3.6-371.1)
(206).

In patients with a stable chronic systolic HF, MPO levels
were associated with increasing diastolic dysfunction, indi-
cating an effect of MPO on the impairment of compliance and
filling of the failing heart. This was even aggravated in pa-
tients with severe systolic HF (EF <20%). Furthermore, in this
cohort, increasing plasma MPO levels were predictive for
mortality and cardiac transplantation (208). Rudolph et al.
showed, that elevation of MPO-plasma levels in HF patients is
irrespective of etiology of HF and even proved a correlation of
systolic parameters with MPO levels (MPO-LVEF-correlation
Spearmans rho 0.3, p <0.01) (184). Furthermore, MPO was an
independent predictor of 1-year mortality in these patients
with an adjusted HR of 1.52 (95% CI 1.03-2.24) (177).

As seen for the development of CAD, MPO was observed
to predict an increased risk of developing HF even in healthy
subjects in cohorts of over 3500 patients during long-term
follow-up (7.2+2.3 years) (207) and to significantly increase
the diagnostic value of BNP for detecting LV systolic dys-
function (159).

Limitations

In contrast to the above-mentioned studies, others could
not confirm prognostic information provided by MPO in
predicting cardiovascular events (HR 1.26, 95% CI 1.00-1.59,
p=0.052) (191), in particular, after adjustment for other bio-
markers like troponins. Chang et al. (40) observed a signifi-
cant, but overall weak adjusted risk for MACE in patients
following myocardial infarction (1.003 [95% CI 1.002-1.005]).
Other studies found no incremental benefit of circulating
MPO for diagnosis of CAD (114) in patients with chest pain
(56) or after myocardial infarction (32). Of note, all of the
above-named studies were performed using the first
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generation, nonsensitive tests to detect troponins. Further
large-scale studies are necessary to assess the adjunct diag-
nostic and prognostic value of MPO in the presence of the
current sensitive troponin assays.

Another important limitation for assessing the clinical
utility of MPO as a biomarker in CVD is a lack of standardized
measurement methods for MPO. In fact, a large variety of
assays has been introduced (7). Moreover, one has to consider
that leukocyte activation with the release of MPO into the
circulation is an unspecific event, as neutrophil and macro-
phage activation is not limited to cardiovascular events. Also,
several drugs interfere with MPO plasma levels, including
heparins, which increase circulating MPO (20), and bivali-
rudin, which promotes binding of the enzyme toward the
vascular compartment (185).

Finally, the prognostic value of increased plasma MPO
levels does not necessarily prove the involvement of MPO
itself, but may only reflect increased neutrophil activation.
However, in the synopsis of the lacking correlation of MPO
with leukocyte count, the adjustment for other inflammatory
markers in clinical studies, the in vivo data from Mpo_/ T an-
imals after myocardial infarction (237), and the in vitro data
described above, a direct role of MPO in the pathogenesis of
CVD is likely.

Taken together, MPO evolves as a biomarker for risk strati-
fication in initiation and progression of CVD (Table 1). Due to
MPO’s pathophysiological role associated with plaque insta-
bility and vascular inflaimmation, its diagnostic value adds
additional information to the biomarkers routinely used. Not-
ing the relationship between MPO and HF, the pathophysio-
logical role of MPO extends from vascular event to cardiac
plasticity. However, there are still issues to be solved, including
low MPO-specificity, divergent measurement methods, and
therapeutic relevance of MPO-derived diagnoses (6, 189).

Outlook

Since MPO'’s first description 70 years ago, the enzyme’s
potent bactericidal properties and its heterogeneous role be-
yond innate immunity have been extensively characterized.
Not only the ability of MPO to catalyze the generation of
reactive oxygen and nitrogen intermediates, but also its ex-
tracatalytic properties modulate the activation state of PMN,
macrophages, and ECs. This calls for further experimental
studies to ultimately establish MPO'’s diagnostic and thera-
peutic potential in inflammation and CVD.
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ABSTRACT

Recruitment of innate immune cells from the vasculature into infected tissue is a key event
in primary host defense againstinvading pathogens. This highly regulated process requires a
functional interplay of specialized adhesion molecules and involves a series of steps leading

Accepted 27 January 2011 from rolling of leukocytes along the endothelium to firm adhesion and finally transmigra-
tion. In the developing fetus, innate immune functions are ontogenetically regulated and
Keywords: show increasing maturation throughout gestation. Developmental differences in the innate
Neonate immune response leave the neonate and especially the premature newborn at high risk of
Fetus severe infections. Understanding the ontogeny of immune functions in the fetus and new-
Leukocyte recruitment born is therefore essential for the prevention and treatment of neonatal infections. In this
Adhesion review, an overview will be given of the developmental aspects of innate immune cell
Selectins recruitment including a discussion of controversial findings and open questions.
Integrins © 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

During intrauterine development, the fetal immune sys-
tem is adapted to the special requirements of pregnancy
(Szekeres-Bartho, 2002). This intricately regulated system
is challenged when an infant is born prematurely leav-
ing the newborn at high risk of infection, which is still a
leading cause of neonatal morbidity and mortality (Lawn
et al,, 2010). The incidence of neonatal sepsis correlates
inversely with gestational age and reaches levels as high
as 58% in very low birth weight infants (Stoll et al., 2010).
This inverse relationship reflects physiological changes in
the fetalimmune system during gestation. As the intrauter-
ine environment is usually sterile, there is no obvious
need for an adult-like immune response in the growing
fetus. However, towards the end of gestation a function-
ing protection against the pending threats of extra-uterine
pathogens becomes increasingly important. At birth, the
neonatal adaptive immune system is still relatively naive
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with respect to foreign antigens and the neonate relies to
a large extent on the innate immune system for control
and prevention of infection (Wynn et al., 2008; Levy, 2007).
Understanding the development of innate immune func-
tions is therefore essential for our understanding of the
pathophysiology of neonatal infections. In this review, the
authors aim to summarize current concepts of the fetal and
neonatal innate immune response focusing on the essen-
tial steps and elements of innate immune cell recruitment.
Where applicable, reference is made to ontogenetic differ-
ences in relation to gestational age. Although a functional
interplay between the innate and the adaptive immune
system already exists in neonates, aspects of the neonatal
adaptive immune system will not be covered as this would
reach beyond the scope of this article.

2. Immune cell recruitment

One of the central mechanisms in the cellular immune
response against invading pathogens is the recruitment of
leukocytes from the vasculature into infected or inflamed
tissue. The recruitment process follows a well-defined cas-
cade of events orchestrated by a complex interplay of
adhesion molecules, cell surface receptors and chemokines
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Fig. 1. Schematic overview of the leukocyte recruitment cascade using the example of a neutrophil leaving a postcapillary venule. Capture and rolling are
mediated by interaction of selectins with PSGL-1 on the neutrophil surface. During rolling, the neutrophil is activated by chemokines presented on inflamed
endothelium leading to firm adhesion through binding of neutrophil integrins (LFA-1 and Mac-1) to endothelial adhesion molecules (e.g., ICAM-1 and -2).
Upon firm adhesion, the neutrophil spreads and begins to crawl along the endothelial lining in search of an appropriate site for transmigration.

as depicted in Fig. 1 (Ley et al., 2007). The initial cap-
ture of circulating leukocytes and the subsequent rolling of
the cells along the endothelium are mediated by selectins
interacting with carbohydrate determinants on selectin
ligands (Sperandio, 2006). During rolling, the cells slow
down and get into intimate contact with endothelial bound
chemokines, which, in concert with selectin-induced sig-
nals (Kuwano et al, 2010), lead to the activation of
leukocyte integrins (inside out signaling). Activation of
integrins allows their binding to endothelial adhesion
molecules leading to the arrest of the cell on the vessel wall
(Zarbock and Ley, 2008). Additional integrin-dependent
signaling (outside-in signaling) further strengthens the
adhesion process and induces leukocyte spreading. There-
after, leukocytes start to crawl along the endothelial surface
in search of an appropriate exit point in order to leave
the vessel and transmigrate into the surrounding tissue
(Phillipson et al., 2006). Within the tissue, cell migra-
tion is directed through gradients of chemokines and
other chemoattractants such as bacterial proteins and
leukotrienes (Stephens et al., 2008). Of note, the adhesive
interactions mediated by selectins and integrins are not
unique to leukocyte recruitment, but reflect a pattern crit-
ically involved in other “recruitment processes” such as
blastocyst implantation (Karsten and Kruse, 2008).

The importance of an effective leukocyte recruitment
for immune defense is emphasized by the clinical picture
of leukocyte adhesion deficiency (LAD) types I-1II (Etzioni,
2009). This disease entity is characterized by an impair-
ment of leukocyte recruitment due to genetic mutations
affecting the function of leukocyte-expressed adhesion-
relevant molecules. Patients with LAD I-1ll commonly suffer
from recurrent bacterial infections that may lead to death
early in childhood.

In the early immune response towards invading
pathogens, polymorphonuclear neutrophils (PMN) are
considered key effectors of innate host defense as they
are first recruited into infected tissue (Kantari et al.,
2008). Thus, the majority of studies exploring develop-
mental aspects of rolling, adhesion and migration of innate
immune cells in the fetus and neonate have concentrated
on neutrophils. To date, information on the recruitment of
other cell types of innate immunity, such as monocytes,
dendritic cells and natural killer cells, is very limited or
lacking. In the following, the most important findings of

these studies, as summarized in Tables 1 and 2, will be
outlined and discussed.

3. Developmental aspects of selectin-dependent
rolling

Rolling interactions between neutrophils (and
other leukocyte subsets) and the endothelium require
selectin—selectin ligand interactions. Of the three known
selectins, P-selectin (CD62P) and E-selectin (CD62E) are
upregulated on inflamed endothelial cells, while L-selectin
(CD62L) is constitutively expressed on leukocytes and
shed after cell activation (Sperandio, 2006). The major
selectin ligand on leukocytes is P-selectin glycoprotein
ligand-1 (PSGL-1, CD162), binding to all members of the
selectin family (Sperandio, 2006). While the initial capture
(primary tethering) of circulating leukocytes under condi-
tions of flow is mainly mediated by P-selectin, L-selectin
can mediate endothelial-independent rolling interactions
by binding to PSGL-1 expressed on already adherent
leukocytes (secondary tethering). Selectin binding further
induces intracellular signaling events that contribute to
the transition from rolling to firm adhesion (Kuwano et al.,
2010).

Many investigators have looked at L-selectin expres-
sion on neonatal neutrophils and reported reduced basal
levels in mature neonates compared with adult controls
(Moriguchi et al., 2006; Koenig et al., 1996; Fortenberry
et al,, 1994; Anderson et al., 1991) with a further reduc-
tion in the first 72 h of life (Kim et al., 2003). In addition,
the capability to shed L-selectin from the cell surface
upon stimulation is impaired. Interestingly, the extent of
shedding that could be induced, varied with the stimu-
lus employed (Moriguchi et al., 2006; Koenig et al., 1996).
In fetuses, L-selectin is present on neutrophils as early as
21 weeks of gestation (Strunk et al., 2004; Rebuck et al.,
1995; Smith and Tabsh, 1993), but there are controver-
sies as to the relative amount of L-selectin expression and
-shedding compared with mature neonates and adults.
While Strunk et al. found a further reduction of basal L-
selectin expression on neutrophils from fetuses compared
with mature neonates and adults (Strunk et al., 2004) and
Rebuck and colleagues report significantly lower L-selectin
shedding in premature infants (Rebuck et al., 1995), Smith
and co-workers detected comparable L-selectin levels and
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Table 1

Quantitative differences in adhesion molecule expression during fetal development.
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Cell type/tissue
investigated

Fetus/premature neonates

Mature neonates

Correlation with
gestational age

L-selectin

P-selectin

E-selectin

PSGL-1

LFA-1

Mac-1

ICAM-1

VCAM-1

PMN

Monocytes

Endothelial cells

Small intestine and
skin

PMN
PMN

Monocytes

PMN

Monocytes

Small intestine and
skin

Small intestine and
skin

| (Strunk et al., 2004; Rebuck
etal.,, 1995)
<> (Smith and Tabsh, 1993)

J On rat mesenteric venules

and HUVEC (Lorant et al., 1999)

| On porcine EC (Olutoye et al.,

2005)
Little or no constitutive
expression before 16 weeks,

upregulation upon stimulation

(Davies et al., 1996; Dogan
etal., 1995)

4 (Bikoue et al., 1997)
< (Rebuck et al., 1995)
J Premature <35 weeks
(McEvoy et al., 1996)

4 (Bikoue et al., 1997)

< Basal expression (Bikoue
etal, 1997)

| Basal expression (Strunk
et al.,, 2004)

4 Basal expression,

< upregulation

(Rebuck et al., 1995)

| Total content (McEvoy et al.,
1996)

< Basal expression (Bikoue
etal, 1997)

Expression at 11 weeks (Davies
et al., 1996; Dogan et al., 1995)

Expression in intestine at 11
weeks (Dogan et al., 1995)
Little expression in skin at 16
weeks (Davies et al., 1996)

| (Moriguchi et al., 2006;
Mariscalco et al., 1998;
Koenig et al., 1996;
Fortenberry et al., 1994)

< (Torok et al., 1993)

J{ On CD14-dim
subpopulation (Murphy
and Reen, 1996)

| On rat mesenteric
venules (Lorant et al., 1999)

| (Tcharmtchi et al., 2000)
< (Storm et al., 2008;
Anderson et al., 1987)

| Upregulation (Torok et
al.,, 1993)

< Basal expression,

| upregulation (Moriguchi
et al., 2006; Kim et al.,
2003; Fortenberry et al.,
1994; Anderson et al.,
1987)

1 Basal expression,

< upregulation

(Rebuck et al., 1995;
Mariscalco et al., 1998)
| Total content (McEvoy
etal., 1996)

| Upregulation (Torok et
al.,, 1993)

+ (Strunk et al., 2004;
Buhrer et al., 1995)

+ (Lorant et al., 1999)
+In skin from 11 to 16
weeks (Davies et al.,
1996)

+(McEvoy et al., 1996)

+ With postnatal age
(Storm et al., 2008)

+In skin from 11 to 16
weeks’ gestation
(Davies et al., 1996)

|l =reduced vs. higher gestational age or adult; 1 =increased vs. higher gestational age or adult; < =equal to higher gestational age or adult;
PMN = polymorphonuclear neutrophils. + = correlates positively with gestational age.

shedding in premature neonates and adults (Smith and
Tabsh, 1993). Likely, these differences are due to method-
ological variations in the studies such as differences in
sample handling and in measurement techniques (e.g.,
measurement of the percentage of positive cells vs. mea-
surement of mean fluorescence intensities). With respect
to ontogenetic alterations of L-selectin levels on neu-
trophils as well as soluble L-selectin in plasma, a positive
correlation with gestational age was demonstrated (Strunk
et al., 2004; Buhrer et al., 1995). Concerning the L-selectin
expression on other innate immune cells, limited data are
available for neonatal monocytes. Torok and colleagues

found no differences in L-selectin levels and shedding when
comparing monocytes from mature infants with those from
adults (Torok et al., 1993). However, differences may exist
for different monocyte subpopulations (Murphy and Reen,
1996).

Both P-selectin and E-selectin can be detected on human
fetal endothelial cells early in gestation (Davies et al.,
1996; Dogan et al., 1995). However, the expression pat-
tern depends on the organ examined. While endothelial
cells in the skin of human fetuses show increasing stain-
ing for P-selectin from 11 to 16 weeks’ gestation, hardly
any P-selectin is present in fetal mesenteric vessels before
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Table 2

Functional differences in the leukocyte recruitment process during fetal development.
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Cell type investigated

Fetus/premature
neonates

Mature neonates

Correlation with
gestational age

Rolling PMN
Adhesion PMN
Monocytes

Endothelial cells

| (Bektas et al., 1990)
1 Unstimulated,

| stimulated (Carr
etal, 1992)

| Reduced adhesion of

| (Mariscalco et al.,

1998; Tcharmtchi et al.,

2000; Abbassi et al.,
1993)

< In vivo (Mariscalco
et al., 2002)

| (Anderson et al.,
1987, 1990, 1991)

< (Roth and Polin,
1992)

+ With postnatal age
(Eisenfeld et al., 1990)

+ (Naik-Mathuria et al.,

2007)

(porcine) adult PMN on fetal EC
(Olutoye et al., 2005;
Naik-Mathuria et al.,
2007)
Transmigration PMN
Chemotaxis PMN | (Usmani et al., 1991;
Bektas et al., 1990)
Monocytes

| (Mariscalco et al.,
2002; Anderson et al.,
1990, 1991)

| (Weinberger et al.,
2001; Fox et al., 2005;
Merry et al., 1996;
Eisenfeld et al., 1990)
| (Marodi et al., 1980)

+ (Usmani et al., 1991;
Bektas et al., 1990)

| =reduced vs. higher gestational age or adult; 1 =increased vs. higher gestational age or adult; <> = equal to higher gestational age or adult; EC = endothelial

cells. +=correlates positively with gestational age.

27 gestational weeks (Lorant et al., 1999). E-selectin is
not constitutively expressed, but can be induced in the
fetal intestine by pro-inflammatory stimulation (Dogan
et al,, 1995). In the mesentery as well as in human umbil-
ical vein endothelial cells (HUVEC), P-selectin expression
increases throughout gestation, with significantly higher
levels in term neonates compared with mid-gestation
fetuses. Studies in rat pups demonstrated that even in
mature neonates, the amount of P-selectin on postcapillary
mesenteric venules is still reduced compared with adult
animals (Lorant et al., 1999).

Despite the large number of studies covering devel-
opmental aspects of selectin expression, only a few have
investigated functional leukocyte rolling. Mariscalco and
co-workers compared rolling of neutrophils from mature
neonates and adults on stimulated HUVEC and P-selectin
expressing CHO cells (Mariscalco et al, 1998). Under
conditions of flow, a significantly lower fraction of neona-
tal neutrophils exhibited rolling behavior compared with
adults and the rolling interactions of neonatal cells were
less resistant to increasing shear. These findings seem
at least in part to be related to a reduction of surface
L-selectin on neonatal neutrophils. There are also differ-
ences in the PSGL-1 expression between mature neonatal
and adult neutrophils that might contribute to the lower
number of neonatal neutrophils being captured on P-
selectin-presenting CHO cells (Tcharmtchi et al., 2000).
Likewise, rolling of neutrophils from mature neonates on
E-selectin expressing cell monolayers is reduced compared
with adult neutrophils (Abbassi et al., 1993). Interestingly,
performing intravital microscopy of mesenteric venules
in newborn rabbits, Mariscalco and co-workers observed
normal rolling flux fractions compared with adult animals,

suggesting that there might be overlapping or compen-
satory mechanisms supporting rolling in neonates in vivo
(Mariscalco et al., 2002). Of note, we are not aware of
any report investigating rolling behavior of human fetal
neutrophils during fetal development. Interestingly, it was
shown in fetal pigs that P-selectin expression on porcine
endothelial cells at mid-gestation is reduced, possibly
underlying their diminished capability to recruit adult neu-
trophils compared with adult porcine endothelial cells
(Olutoye et al., 2005).

Taken together, all these reports suggest a develop-
mentally regulated maturation process regarding selectin-
dependent leukocyte rolling in the fetus, although a direct
in vivo proof through appropriate fetal animal models and
human dynamic in vitro models is still lacking.

4. Developmental aspects of integrin-dependent
adhesion

The transition from rolling to firm adhesion requires
activation and binding of leukocyte-expressed integrins to
endothelial adhesion molecules (Zarbock and Ley, 2008).
On neutrophils, the major integrins involved in this process
are the [3, integrins LFA-1 (aL32, CD11a/CD18) and Mac-
1 (M2, CD11b/CD18), whereas monocytes also adhere
through the PB1 integrin VLA-4 (o431, CD49d/CD29).
The respective counter-receptors expressed on inflamed
endothelial cells with demonstrated in vivo relevance
belong to the immunoglobulin superfamily of adhesion
molecules and include ICAM-1 (CD54), ICAM-2 (CD102),
VCAM-1 (CD106) and RAGE (Frommbhold et al., 2010; Ley
et al., 2007). ICAM-1, VCAM-1 and RAGE are present in the
early stages of fetal development. Comparable to selectin
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expression, organ-specific differences exist concerning the
time course of appearance. Constitutive expression of both
ICAM-1 and VCAM-1 was shown in the human fetal small
intestine at 11 weeks’ gestation, which could be further
increased by pro-inflammatory stimuli (Lorant et al., 1999;
Dogan et al., 1995). In contrast, in the fetal skin ICAM-1
expression increases from 11 to 16 weeks, while VCAM-1 is
only weakly present on a very limited number of endothe-
lial cells at 16 weeks (Davies et al., 1996).

Human neonatal neutrophils have been extensively
studied with respect to developmental differences in 3,
integrin expression (Moriguchi et al., 2006; Strunk et al.,
2004; Kim et al., 2003; Bikoue et al., 1997; McEvoy et al.,
1996). The majority of these studies found no age-related
differences in basal and stimulated LFA-1 surface expres-
sion down to a gestational age of 18 weeks. In contrast,
the upregulation of Mac-1 on the neutrophil surface upon
chemotactic stimulation is severely diminished in mid-
gestation fetuses approaching levels found in patients with
LAD-1 (McEvoy et al., 1996), but increases with advanc-
ing gestational age. Interestingly, neutrophils from mature
neonates still have lower Mac-1 levels than adults. Further-
more, Storm et al. were able to demonstrate that the total
cell content, as well as the up-regulated surface expression
of Mac-1, continues to rise after birth and correlates with
postnatal age reaching adult levels by 11 months (Storm
et al., 2008). In contrast to these studies, some reports
show a higher resting Mac-1 expression in the fetus com-
pared with adults and a normal increase after stimulation
(Mariscalco et al., 1998; Rebuck et al., 1995). The authors
claim that the observed differences between neonatal and
adult neutrophils in earlier studies are related to a differing
reaction of neonatal cells towards the isolation procedure
used. However, many of the aforementioned studies have
investigated Mac-1 expression on whole blood neutrophils
and still found the described developmental differences.

Fetal and adult monocytes express 3, integrins at equal
basal levels (Bikoue et al., 1997). But similar to neutrophils,
the stimulated upregulation of Mac-1 on monocytes is
dependent on gestational age (Torok et al., 1993). To our
knowledge, there are no data available on the ontogeny of
VLA-4 expression on fetal monocytes.

The lower surface expression of Mac-1 on neonatal neu-
trophils has been directly linked to a reduced adhesive
capacity of the cells (Anderson et al., 1987, 1990). Using dif-
ferent chemotactic stimuli, the authors demonstrated that
neutrophil adhesion to HUVEC- and ICAM-1-coated cover
slips is significantly impaired in mature neonates com-
pared with adults. Blockade of Mac-1 reduced adhesion of
adult neutrophils to neonatal levels, while this treatment
had no effect on adhesion of neonatal cells. Interestingly,
LFA-1-dependent adhesion was not affected in newborns.
Additional work by Anderson and colleagues showed that
CD18-independent adhesion was also impaired in mature
neonates. This was mainly attributed to the lower expres-
sion of L-selectin on neonatal neutrophils (Anderson et al.,
1991).

At present, the data on developmental aspects of leuko-
cyte adhesion are sparse and results are conflicting. While
Bektas et al. found a severe reduction in neutrophil
adhesion in preterm neonates compared with mature

infants (Bektas et al., 1990), Carr et al. observed equal
adhesive properties between both groups with hyperad-
herence of unstimulated neonatal neutrophils compared
with adults, but defective upregulation of adhesion
upon chemotactic stimulation (Carr et al., 1992). Taking
into account that adhesion was studied under non-
physiological conditions using static assays and artificial
substrates, the results of these studies have to be inter-
preted with caution. Neither of the studies looked at
adhesive capacity with respect to different gestational ages.
For the immediate postnatal period, adhesion of neona-
tal neutrophils increases with postnatal age, which is
in accordance with the observed postnatal upregulation
(maturation) of surface-expressed Mac-1 (Eisenfeld et al.,
1990). The adhesion properties of monocytes seem to be
independent of gestational age, although the current evi-
dence is too limited to allow a general statement (Roth and
Polin, 1992).

5. Developmental aspects of transendothelial
migration and chemotaxis

Once a leukocyte has adhered to the vessel wall, inside-
out signals transduced by integrin-binding to its ligand lead
to spreading and crawling of the cell along the endothelial
lining before it transmigrates into the surrounding tissue
(Ley et al., 2007). In order to reach the site of micro-
bial invasion, extravasated leukocytes follow gradients of
chemoattractants, which are either directly derived from
the pathogen (e.g., fMLP) or produced by the host itself
(chemokines, leukotrienes, etc.). These chemotactic gra-
dients are sensed through specialized G-protein coupled
receptors that induce a series of intracellular signaling
cascades leading to cytoskeletal rearrangement, adhesion
molecule clustering, and cell polarization (Stephens et al.,
2008).

The perception of intraluminal crawling, a mostly Mac-
1-dependent process that is molecularly distinct from
adhesion, is relatively new (Frommhold et al, 2010;
Phillipson et al., 2006) and has not been investigated in the
fetus or neonate.

Transmigration of leukocytes through the endothelial
layer can occur either paracellularly or transcellularly (Ley
et al., 2007). This complex process is still not fully under-
stood and involves a multitude of adhesion molecules,
many of which have not been looked at under developmen-
tal aspects. Of the known endothelial adhesion molecules
involved in transmigration, platelet endothelial cell adhe-
sion molecule 1 (PECAM-1, CD31) was found to be stably
expressed at early stages of development (Lorant et al.,
1999).

Transendothelial migration has been directly explored
in vivo in newborn rabbits (Mariscalco et al., 2002) and
in vitro using isolated human neutrophils from mature
neonates under static and dynamic conditions (Anderson
et al,, 1990, 1991). In these studies, a significantly lower
number of neonatal neutrophils transmigrated compared
with adult cells. As seen with adhesion, transmigration
of adult neutrophils through a HUVEC monolayer in vitro
is significantly reduced by blocking either Mac-1 or L-
selectin, while in neonatal samples no further reduction
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is achieved, suggesting that quantitative and/or qualitative
differences in these adhesion molecules contribute to the
reduced transmigration phenotype in newborns. In addi-
tion, chemotaxis is impaired in neonatal neutrophils and
monocytes compared with the respective cells in adults
(Fox et al., 2005; Marodi et al., 1980) and correlates with
gestational age (Usmani et al., 1991; Bektas et al., 1990),
whereas random migration is largely unaffected. While
neutrophils from mid-gestation fetuses show severely
diminished chemotactic movements, mature neonates
reach the levels of adults by the age of one week (Eisenfeld
et al, 1990). Several factors might contribute to the
low chemotactic potential of neonatal neutrophils. These
include developmental differences in chemoattractant-
induced intracellular signaling pathways such as NF-kB
activation (Weinberger et al., 2001), defective cytoskeletal
rearrangements (Merry et al., 1996) and a higher preva-
lence of unresponsive neutrophil subpopulations (Krause
et al,, 1989). In addition, immature neutrophil precursors,
which are present in a higher proportion in the periph-
eral blood of neonates born prematurely, were shown to
be more rigid than mature neutrophils, thereby further
hindering transendothelial cell migration in these infants
(Linderkamp et al., 1998). These developmental differences
between fetuses, newborns and adults in combination with
the altered rolling and adhesive capacity described before
are likely to account for the overall reduced recruitment
of leukocytes observed in neonate animal models in vivo
(Lorant et al., 1999; Fortenberry et al., 1994).

6. Impact of extrinsic factors on neonatal leukocyte
recruitment

Besides developmental factors governing leukocyte
recruitment in the fetus and newborn, many extrinsic
factors have an influence on the recruitment process. In
industrialized countries, virtually all infants born before
32 complete weeks' gestation are exposed to antenatal
steroids for induction of lung maturation. Steroids are
known to reduce the endothelial expression of adhesion
molecules, which is important for cell rolling and adhe-
sion, including E-selectin, ICAM-1, and VCAM-1 (Aziz and
Wakefield, 1996). Furthermore, betamethasone treatment
inhibits chemotaxis of neonatal neutrophils (Fuenfer et al.,
1987). A similar effect on the chemotactic activity of
neutrophils was indirectly shown for magnesium sulfate,
which is commonly used for tocolysis in preterm labor
(Mehta and Petrova, 2006). Neutrophils from premature
infants whose mothers had received magnesium sulfate
before birth exhibited significantly less chemotactic move-
ment than those from infants not exposed to magnesium
and the functional activity of the cells correlated directly
with maternal serum magnesium levels.

The mode of delivery may be another factor that
has an impact on leukocyte recruitment processes. The
comparison of newborns delivered vaginally vs. new-
borns delivered by caesarean section before onset of labor
demonstrated that labor-induced stress leads to the upreg-
ulation of Mac-1 and the IL-8 receptor CXCR1 on neonatal
neutrophils (Gessler and Dahinden, 2003) and enhances
neutrophil adhesion (Kinoshita et al., 1991) and chemo-

taxis (Yektaei-Karin et al., 2007). In contrast, during sepsis
the chemotactic response of fetal and neonatal cells dete-
riorates (Merry et al., 1996).

Since multiple of these factors may be present when
examining the function of fetal and neonatal immune
cells, it is difficult and challenging to distinguish whether
observed differences are due to extrinsic influences or
intrinsic developmental effects.

7. Concluding considerations and future prospects

Although many aspects of the neonatal innate immune
response have been shown to be reduced compared with
adults, it would be incorrect to state that the innate
immune function in neonates is generally defective. The
differences observed between neonates and adults rather
reflect physiological alterations in the course of devel-
opment. This is best seen when looking at the neonatal
inflammatory response. It was initially believed that the
inflammatory response in the developing fetus and neonate
is generally depressed due to the low production of
Thy-polarizing cytokines (e.g., TNF-a and INFy) by stimu-
lated monocytes and antigen-presenting cells (Levy, 2007).
However, Zhao and co-workers have shown that under cer-
tain circumstances neonates are capable of mounting an
inflammatory response that exceeds those of adults, result-
ing in what was termed a “cytokine storm” (Zhao et al.,
2008). Although this presumed hyper innate response of
neonates needs to be put into perspective by the rather
weak reaction of adult controls towards intraperitoneal
LPS injection (and other TLR agonists), this study still
demonstrates that newborns may be less restricted in their
immune function than previously thought.

It is now understood that the innate immune response
shows a propensity towards Thy-polarizing cytokines dur-
ing fetal development, i.e., certain cytokines such as IL-6,
IL-10, and IL-23 are produced at even higher levels than in
adults (Belderbos et al., 2009; Kollmann et al., 2009). From
a developmental point of view this bias in cytokine pro-
duction is reasonable and needs to be seen in the context of
the special immunological demands of pregnancy. It is well
known that elevated circulating levels of Thy-polarizing
cytokines at the feto-maternal interface are associated with
a higher rate of abortion of the fetus (Makhseed et al.,
2001). Thus, the Thy-polarization in the fetus may be seen
as theresult of a general effort to suppress possibly harmful
Th; reactions during pregnancy by preferential production
of Th; antagonistic mediators in the placenta such as IL-
4, progesterone, and PGE, (Szekeres-Bartho et al., 1996;
Hilkens et al., 1995). However, in the setting of premature
birth, this bias renders the newborn more susceptible to
severe infections.

Another lesson learned from many of the studies quoted
in this review is that the function of innate immune cells is
largely context-dependent and varies with the exact sub-
type of immune cells examined, the stimulus used, and the
methods employed. Thus, neonatal monocytes in whole
blood behave in a very distinct manner compared with
isolated cells, and engagement of different Toll-like recep-
tors (TLR) results in different or even opposing cytokine
patterns (Kollmann et al., 2009). Likewise, we observed
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TLR-dependent variations in the ability of neonatal neu-
trophils to form so-called neutrophil extracellular traps
(NETs) - a defensive mechanism by which neutrophils
contribute to the extracellular elimination of pathogens
(Marcos et al., 2009). While TLR-2- and TLR-4-mediated
NET formation was significantly delayed in neonates com-
pared with adults, no differences were observed after
stimulation of TLR-5, -8, and -9. These variations, in com-
bination with the many extrinsic influence factors, make
it very difficult to draw a concise picture of the innate
immune response in the fetus and neonate.

In addition, it becomes obvious why many of the
immune-modulatory interventions explored so far (e.g.,
treatment with colony-stimulating factors such as G-CSF
or intravenous immunoglobulin infusions) have been of
limited success in clinical practise (Wynn et al., 2009).
Further insights into the ontogenetic regulation of fetal
innate immune processes and the events taking place
during infection are crucial for the development of new
therapeutic approaches to treating life-threatening infec-
tions in the newborn. Promising experimental results
were achieved by Wynn et al. using different TLR ago-
nists to prime innate immune cells in a neonatal murine
model of polymicrobial sepsis (Wynn et al., 2008). In
this study, pre-treatment with a TLR-4 (LPS) agonist or
a TLR-7/8 agonist (resiquimod) lowered sepsis mortal-
ity by 25% or 40%, respectively, compared with controls.
The primed animals exhibited an enhanced, but short-
ened inflammatory response with increased recruitment
of neutrophils, improved production of reactive oxygen
species and phagocytosis and reduced bacteremia. For a
successful translation of such therapeutic concepts into
the clinic, a better understanding of the interplay between
different subsets of innate immune cells, as well as the
communication between innate and adaptive immunity,
is necessary. Therefore, future research is warranted and
should be aimed at optimizing functional studies to closer
resemble fetal and neonatal physiology, for example, by use
of more homogeneous immunological systems. In this con-
text, the development of appropriate fetal in vivo models
(e.g., in the mouse) is of great interest as they may have the
potential to become an invaluable tool in unraveling the
exact molecular processes of leukocyte recruitment during
fetal development.
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