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1. Einleitung

1. EINLEITUNG

Bakterien, die die Darmschleimhaut von Saugetieren tUber |&Ag#raume kolonisieren,
sind in Koevolution mit dem mukosalen Immunsystem entstanden. Dabei hali®aktkrien
Pathogenitatsmechanismen entwickelt, die es ihnen erlauben die &towvehr ihrer Wirte zu
modulieren. Zu den am besten charakterisierten bakteriellen Immunnowdalgehdren die
hitze-labilen Enterotoxine (LT) vo&scherichia coliund das Choleratoxin (CT) vovibrio
cholerag die zu den Toxinen mit einer 5B-plus-A-Grundstruktur zahlen. Diedetbkine
sind zwar wirksame Adjuvanzien, ihre Untereinheiten besitzen alar Teil gegenteilige
immunologische Wirkungen. So stimulieren die Rezeptor-bindenden B-Untetemiuze
Sekretion pro-inflammatorischer Zytokine (98). Die rezeptor-veeftatt Endozytose der
enzymatisch aktiven A-Untereinheit kann dagegen die Hemmung digreAsRrozessierung
(301) und die Induktion anti-inflammatorischer Zytokine nach sich zi€h&n Obwohl auch
eine Bindung an ,Toll-like“-Rezeptoren diskutiert wird (99), wirkeresdi bakteriellen
Immunmodulatoren vor allem Uber bestimmte Glykolipid-Rezeptoren dl®aide, v.a.
GM1) der eukaryontischen Zellmembran (301).

Shigatoxine, die von den sogenannten Shigatoxin-bilderercoli (STEC; syn.
enterohamorrhagische coli, EHEC) sezerniert werden, ahneln in ihrem Aufbau LT und CT
(303). Aufgrund der hohen enzymatischen Aktivitat der A-Untereinheiteide Hemmung
der zellularen Proteinbiosynthese katalysiert, werden die Shigatoxor allem zu den
zytoletalen Toxinen gerechnet (234). Sie kbnnen aber unabhangig vorenlagenatischen
Aktivitdt eine Vielzahl anderer zellularer Reaktionen ausl6s883)( und durch die
Stimulierung dendritischer Zellen auch als Adjuvanz wirken (243). iDdimnen den
Shigatoxinen ebenfalls Glykolipide (Glykolipide der Globo-Serie)zalfulare Rezeptoren
(179).

Als das wichtigste Reservoir fir STEC werden asymptoniatezer persistent infizierte
Rinder angesehen. Die molekularen Grundlagen der dauerhaften Kolonisatibavaem
Darmschleimhaut durch STEC sind bislang nur ungentgend aufgeklart (227, 304n 8iE5)
vorliegenden Arbeit wurde deshalb der Frage nachgegangen, ob Simgdiekder bovinen
STEC-Infektion als mukosale, kolonisationsfordernde Immunmodulatoren Widkeren. Da
bakterielle Glykolipid-Rezeptor-Agonisten als mukosale Adjuvanzienh abeim Rind
Verwendung finden (368), dienen die Untersuchungen mit Stx auch dem genud#eg
Verstandnis der Wirkung dieser Substanzen auf das Schleimhaut-assozieutesistem.



2. Schrifttum

2. SCHRIFTTUM

2.1 Shigatoxine vorthigella dysenteriae und Escherichia coli

2.1.1 Toxinvarianten

Die Familie der Shigatoxine (Stx) ist nach einem seit Agfdes letzten Jahrhunderts
bekannten Zytotoxin vohigella dysenteria@yp 1 benannt. Wie andere bakterielle Toxine
(Choleratoxin vorVibrio cholerag hitzelabiles Enterotoxin voscherichia coli, gehort Stx
zu den heteromeren Protein-Toxinen, die aus eikéwvem (StxA-; 32 kDa) und funf
rezeptorindenden (StxB-; 7,7 kDa) Untereinheiten bestehen (140). 1977 wurde von
Konowalchuket al. (165) das Zytotoxin einek. coli Isolates beschrieben, das, aufgrund
seiner Toxizitat fur Vero-Zellen, als Verotoxin bezeichnet wur@&8Brien und LaVeck
bestatigten seine nahe Verwandtschaft zum Shigellen-Toxin (235kistiien werden
mehrere vonE. coli produzierte und mit dem Shigellen-Toxin verwandte Zytotoxine
unterschieden, die sich in zwei Gruppen aufteilen lassen. Zur &stgpe sind das Toxin
von Shigella dysenteriaselbst und das Stx1 vdscherichia colizu rechnen. Beide Toxine
sind auf Proteinebene bis auf eine Aminosdure in der A-Untereimndeitisch (319).
Zusatzlich konnten noch die Varianten Stx1c (372) und Stx1d (27) nachgewieskmdie
eine 91-95 %ige Nukleotidsequenzhomologie zu Stx1 aufweisen. Die Zémifgpe, deren
Aminosauresequenz nur ca. 56 % homolog zu Stx1 ist, umfasst Stx2nnvadanten Stx2c
(294), Stx2d (205), Stx2e (350), Stx2f (293) und Stx2g (173). Antiseren gegeartaten,
die untereinander eine Aminosaurehomologie von 84-99 % aufweisen, zeigedesineine
partielle Kreuzneutralisation, nicht jedoch gegentber der Stx1-GiUgpeStx2e besitzt zu
den anderen Toxinvarianten der Stx2-Gruppe hinsichtlich Aminosauresequiethz
biologischer Aktivitat die geringste Ahnlichkeit. Stx2e bindet abevorzugt an einen
anderen Rezeptor auf Zielzellen und stellt das ursachliche AgensefOdemkrankheities
Ferkels dar (51, 79). Die Gene fiur Stx1, Stx2 und die Stx2-Vari&ot@men im Genom der
Shigatoxin-bildenderk. coli (STEC) als Teil des Genoms lambdoider Bakteriophagen vor
(292). Die Bakterien kbnnen zum Teil mehr als einen Toxintyp bildarsie mehrerstx
konvertierende Phagen enthalten kdnnen. Die Phagen ermoglichten die ht@izont
Ubertragung destxGene sowohl zwischen verschiederen coli-Stammen als auch auf

Citrobacter freundi undEnterobacter cloaca&tamme (108).
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2.1.2  Struktur

Die stxGene kodieren fur zwei Polypeptidketten entsprechend der Toxinuntetembhei
Die Translationsprodukte umfassen jeweils eine Peptidkette fUrede Untereinheit, der
eine N-terminale Signalsequenz aus 22 (StxA) bzw. 19-20 (StxBhdsauren vorausgeht
(50, 131, 294). Bei der Ausschleusung der Peptidketten in den periplasnmafim von
E. coli werden diese Signalsequenzen durch die membranstandige Signalpeptidas
abgespalten (131).

Die 5 B-Untereinheiten des Shigatoxins 1 lagern sich spontan, ohne ldugpi
kovalenter Bindungen, zu einem pentameren Ring zusammen (266). Je@dneeinz
Untereinheit besteht aus 69 Aminosauren mit einer internen DisuifickB zwischen den
Zystein-Resten in Position 4 und 5¥ap. 2.1) (298). Die StxB1l-Sekundarstruktur weist 2
dreistrangige, antiparalle[&Faltblatter auf, die zur Aussenseite des Pentamers geraihtl
(312). Zwei dreistrangige Faltblatter benachbarter Monomereeforem sechsstrangig@s
Faltblatt. Dasp2-Faltblatt eines Monomers interagiert dabei Uber WasserstoékBn mit
dem6-Faltblatt des nachsten Monomers. Zwischen den Monomeren bildetreachasche,
in der eine der bis zu drei moglichen Rezeptor-Bindungsstellenidekalist (11). Jedes
Monomer enthalt weiterhin eina-Helix, die zum Zentrum des pentameren Rings hin
ausgerichtet ist und mit denHelices der anderen 4 Monomere eine zentrale 11 A-weite Pore
auskleidet Abb. 2.1) (312). Wahrend die zentralenHelices bei pH-Anderungen, wie sie bei
der Endozytose des Toxins im Endosom auftreten, eine Konformationsanderfueisen,
sind die aussen gelegenen, die Rezeptor-Bindungsstelle bildghé#aftblatter gegen

Veranderungen relativ stabil (278).
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Tabelle 2.1: Funktion der Aminosaurereste in den B-Untereinheiteder Shigatoxine
Aminoséaure in Toxin: Funktion: Referenz:
Stx1 Stx2* Stx2e
(-20)-(-1)  (-19)-(-1) (-19)-(-1) Signalsequenz (50, 131, 294)
Alal Wasserstoffbriicke zu Ser53; Teil der Rezeptoi#6)
Bindungsstelldl
3-8 B1-Faltblatt (312)
Cys4 Cys3 Disulfid-Briicke zum Cys57 (essentiell fur (76, 132, 298)
Rezeptorbindung); Teil der Rezeptor-
Bindungsstelldl
9-14 B2-Faltblatt, Wechselwirkung mit defd6- (312)
Faltblatt des nachsten Monomers (Rezeptor-
Bindungsstelld ?)
Lys13 Teil der Rezeptor-Bindungsstelfe | (182)
10-20 hydrophile Doméne: Rezeptorbindung, Bindurge8)
neutralisierender Antikoérper, hochkonserviert
bei allen Stx (antigene Doméne ?)
Aspl6 Rezeptorbindung (339)
Aspl7 Teil der Rezeptor-Bindungsstdife (182, 339)
Asnl7 Rezeptorspezifitat fir Gb (339)
Aspl8 Aspl7 Rezeptorspezifitat fur 8LD77 (132)
20-24 B3-Faltblatt (312)
Thr21 Teil der Rezeptor-Bindungsstdlle (182, 233)
27-31 B4-Faltblatt (312)
Glu28 Teil der Rezeptor-Bindungsstdlle (182, 233)
Phe30 zwischen Rezeptor-Bindungsstelliadll (37)
gelegen; essentiell fiir beide Bindungsstellen
Asn32 Teil der Rezeptor-Bindungsstdlle (233)
Arg33 Arg32 Teil der Rezeptor-Bindungsstéllaundlll (76, 233, 249)
Trp34 Trp33 Teil der Rezeptor-Bindungsstdile (11, 76, 183)
Asn35 Asn34 Teil der Rezeptor-Bindungsstélle? (76)
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Tabelle 2.1: Fortsetzung
Aminosaure in Toxin: Funktion: Referenz:
Stx1 Stx2* Stx2e
36-46 a-Helix, bildet mit dern-Helices der anderen 4 (75, 278, 312)
B-Untereinheiten die zentrale Pore des
Pentamers und hat Kontakt mit der
antiparallelero-Helix des A-Fragmentes;
Konformationsénderung bei niedrigem pH-Wert
(Bedeutung fur die Translokation deg A
Fragmentes)
Ala43 Ala42 Rezeptorbindung (249)
49-53 B5-Faltblatt (312)
Lys53 Lys52 Rezeptorbindung (Beteiligung an (132)
Rezeptorspezifitat ?)
Ser53 Wasserstoffbriicke zu Alal; Teil der Rezeptort76)
Bindungsstelldl
Cysb57 Cysb56 Disulfid-Brticke zum Cys4 (essentiell fir (76, 132, 298)
Rezeptorbindung); Teil der Rezeptor-
Bindungsstelldl
Gly60 Gly59 Teil der Rezeptor-Bindungsstelfe | (182, 249)
65-68 B6-Faltblatt, Wechselwirkung mit dep2- (312)
Faltblatt des vorhergehenden Monomers
(Rezeptor-Bindungsstelle))
Glu65 Rezeptorspezifitat fir @hreil der Rezeptor- (182, 233)
Bindungsstelld 2
GIn64 Lokalisation des Toxins B coli (132)
Rezeptorspezifitat fir Gb (339)
Lys66 Rezeptorspezifitat fir Gb (132, 339)
Phe68 Phe67 Phe67 Rezeptorbindung (250)
Arg69 Asn68 Asn68 Rezeptorbindung (250)
C-terminale 4 (-5) Rezeptorbindung (339)

Legende:' bezogen auf StxB2 mit 68 Aminosauren

2 Ausbildung von H-Briicken zwischen polaren und sauren Seitenketten der B-Ureiéreinh

und polaren Gruppen der Kohlenhydrate (182, 312)
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BS B4

B (n-1) B(n-1)

Abb. 2.1: Vereinfachtes Strukturmodell der B-Untereinheit des Shigatoxins 1 als Bestandteil

eines Pentamers (Details siehe Text)

Die A-Untereinheit des Shigatoxins 1 besteht aus 293 Aminosainan.Zystein-Reste
in Position 242 und 261 sind Uber eine Disulfid-Bricke miteinander verbui@@n ie
dazwischen gelegenen Arginin-Reste in Position 248 und 251 sind Teil teypsin-
sensitiven Schnittstelle. Die proteolytische Spaltung trennt das engghalitive 27 kDa A
Fragment von dem flur die Holotoxin-Struktur verantwortlichen 6 kRd&mragment (7, 50).
Neun Aminosauren (Aminosaurerest 279-287) des C-Terminus g&€sagmentes bilden
einea-Helix aus, die antiparallel zu dermui5Helices der B-Untereinheiten gelagert ist, die sie
im Holotoxin umgeben (75, 76, 95). DieHelix des A-Fragmentes ragt dadurch 11 A tief in
die 20 A-tiefe zentrale Pore des B-Pentamers (75, 76). DedBest-Untereinheit liegt dem
pentameren Ring aufAbb. 2.2). Jeweils 2[3-Faltblatter des A& und des A-Fragmentes
bilden dabei einen nicht-kovalenten und trotz der Symmetrie des Rgatasymmetrischen
Kontakt zum Ring aus (75, 76). Insbesondere den Aminosauren in Position 277-2Z@Bund
289, die dera-Helix des A-Fragmentes unmittelbar N- und C-terminal benachbart sind,
kommt dabei eine Bedeutung zu. Sie bilden Wechselwirkungen mit geladeder
aromatischen Aminosauren ausserhalb der Pore auf der planen Fladwdetmmers aus
(95), so dass die A-Untereinheit im Holotoxin mit 3 der 5 B-Untéraien in Verbindung
steht (75, 76).
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B (269 - 271)
a-Helices der B-
B(275-278) Untereinheiten
Al
a (279 - 286)
(A2-Fragment)
katalytisches 8—I-t|eliqei d_?r B-
ntereinheiten
Zentrum B (224 - 226)
B (218 - 221)

Abb. 2.2: Strukturmodell des Shigatoxin 1 Holotoxins (Zahlen inKlammern geben die an der

Ausbildung der entsprechenden Sekundarstruktur beteigten Aminoséuren an)

Die Toxine der Stx2-Gruppe setzen sich aus einer A-Untereinhéit 296-297
Aminosauren und B-Untereinheiten aus 68-70 Aminosauren zusammen (94, 294, 330). Die
intramolekulare Disulfidbriicke in der A-Untereinheit des Shigatodnsvird zwischen
Zysteinresten in den Positionen 241 und 260 ausgebildet und der Carbminyteder A-
Untereinheit bildet nach Durchtritt durch die zentrale Pore désmamers eine kurze-
Helix aus (76). In der zu StxAl nur zu 55 % homologen AminoséuresequeBixéessind
die fur die Konformation essentiellen Aminosduren zwar hochkonseigd), trotzdem
weisen die Toxine weitere strukturelle Unterschiede auf. Smisbegensatz zu Stx1, bei
dem die enzymatische Grube im Holotoxin durch den Methioninrest itidP0260 des A
Fragmentes blockiert wird (75), die Grube im Stx2 fur Wassekutdezugénglich (76).
Auch durch die Position des Tyrosinrestes in Position 77 untersclsatietlas katalytische
Zentrum des Shigatoxins 2 von dem des Shigatoxins 1 (76). Dessen ungeschust
molekulare Mechanismus der enzymatischen Aktivitat aller Shiget nahezu identisch
(siehe2.3.1.4. Fur die Unterschiede in der Art und dem Umfang von Gewebeschdiden,

durch Stx1- bzw. Stx2-bildende coli beim Menschen verursacht werden, werden vor allem
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Unterschiede in den Rezeptor-Bindungsstellen der B-Untereinheitentwertlich gemacht,
die Unterschiede in der Affinitat der jeweiligen Toxine fir &r-Rezeptor GCD77 nach
sich ziehen (76).

2.2 Globotriaosylzeramid (GR/CD77)

Globotriaosylzeramid (Gl ist der funktionelle Rezeptor fir die meisten Shigatoxine. Da
Gbz auch auf Immunzellen prasent ist, wurde es als CD77 in die destd eukozyten-
Antigene aufgenommen. Als funktioneller Rezeptor fir Stx2e, die eiokywathogene
Toxinvariante, wurde Globotetraosylzeramid gEkdentifiziert.

Es gibt jedoch auch Hinweise auf die Existenz mehrerer Bgsdtiellen auf Zellen mit
unterschiedlicher Affinitat fur Stx (248, 339). Somit ist es denkbars dasétzlich zu
Ghy/CD77 bzw. Gh noch nicht-funktionelle Rezeptoren vorhanden sind (176). Allerdings
stellt Gk/CD77 kein chemisch einheitliches Molektl dar. Vielmehr handekids hierbei
um eine Gruppe von Glykosphingolipiden, die eine identische Kohlenhydratgmages,t
sich aber in der Zusammensetzung ihrer Fettsaurekomponenten umderschBie
Fettsdurekomponenten beeinflussen die Affinitat der Toxin-RezeptoiiBg und den Weg
der Toxin-Internalisierung. Werden auf Zellen Toxin-Bindungsstell&numterschiedlicher
Affinitdt identifiziert, so kdnnten sich dahinter auch unterschiedli@g/CD77-Spezies

verbergen, die ungeachtet ihrer Affinitat als funktionelle Rezeptoren fundiéreen (248).

2.2.1  Struktur, Synthese und Regulation der Expression

Bei Gly/CD77 und Gh handelt es sich um neutrale Glykosphingolipide der Globo-Serie.
Die Lipidkomponente dieser Molekile wird von Zeramiden, Amidverbindungenclzens
einem Sphingosinmolekll und einer Fettsdure, gebildet. Neutrale Glykosphihgdiagen
an der endstandigen Hydroxylgruppe des Sphingogkisglykosidisch gebundene
Oligosaccharide, die durch Enzyme des Golgiapparates hinzugefiflggny(@38). So entsteht
durch Kopplung von Glukose und Galaktose an das Zeramid Laktosylzerami@gll{Gal
4GId31-1Cer), das Vorlaufermolekil fir die Stx-Rezeptoren (129). Die UDP-
Galaktose:Laktosylzeramid al-4-Galaktosyltransferase  (@Bynthetase) flugt  der
Saccharidkette einen weiteren Galaktoserest hinzu, wodurgfCIGl/ (Gabl-4Gapl-
4GId31-1Cer) entstehtAbb. 2.3) (213, 238, 327). In einem weiteren Syntheseschritt entsteht
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durch die Addition eines N-Azetyl-Galaktosaminrestes durch dieAzétyl-
Galaktosyltransferase das &¥olekil (GaINA¢31-3Gab1-4GaPB1-4Glg31-1Cer) (180).

CH,OH
2 CH,CHCHCH=CH(CH,),,CH,
© !)HI\II CH
H
Gle C(CH,,CH,
OH H H I
O
H OH
CH,OH
2 |CHZCIHICHCH:CH(CH2)120H3
o) Hl\ll CH
C(CH,,,CH,
Wl

Abb. 2.3: Molekulare  Struktur des Globotetraosylzeramids Gk (oben) und des

Globotriaosylzeramids Gh; (unten)

Fur die meisten Toxin-empfindlichen Zellen wurden etwa ixIfis 1x10
Rezeptormolekiile pro Zelle errechnet (176, 244, 287). Die Expression hdwgjt ja vielen
Zellen und Geweben von mehreren Faktoren ab. Eine aktive Zelltedbemsdie wichtigste
Voraussetzung fir eine maximale Empfindlichkeit der Zielzelansein (237), denn die
Empfindlichkeit ist von der Phase des Zellzyklus” abhéngig, insddr die Einzelzelle
befindet. Pudymaitigt al. (262) berichteten, dass Vero-Zellkulturen an der Grenze zwischen
G1-Phase und S-Phase maximal sensibel sein sollen, bevor eine 1Rfdhidion der
Empfindlichkeit eintritt. In der G1-Phase geht eine maximale H&ga von GH#CD77-
Rezeptoren und ihre Prasentation auf der Zelloberflache einhemertneaximalen Bindung
von Toxinmolekilen durch die Zellen. Da ders&D77-Gehalt der Kulturen den gesamten
Zyklus hindurch nahezu konstant war, soll an der Phasengrenze eine erhdhte
Oberflachenexposition und ein erhéhter Umsatz des Rezeptors demeilitvkt erleichtern

(262). Dem widersprachen allerdings Majaatl al. (191), die durch Untersuchungen auf

9
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Einzelzellebene zeigten, dass die Synthese und die Oberflachesgaprvon GBCD77 in
der G2 und der M-Phase ein Maximum erreicht.

Von Glykosphingolipiden ist darliberhinaus bekannt, dass sie zwar len Z#emisch
nachweisbar sein kénnen, aber trotzdem nicht auf der Oberflachegamndenbindung zur
Verfigung stehen. lhre Exposition ist von der Zellfunktion abhangigsisd&onnen leicht
von langeren Kohlenhydratketten oder Proteinen tberdeckt werden, dieiden kied nahe
der Membran gelegenen Kopfe der Glykolipide maskieren (24, 262). Entspieiciuen die
Verfugbarkeit von GUCD77-Rezeptoren durch Trypsinierung erhéht werden (262).

Die oberflachliche G#CD77-Expression hangt auch vom Differenzierungsgrad der
Zellen oder Gewebe ab. Wahrend undifferenzierte THP-1-Zellenesik®! sind, fihrt die
Differenzierungin vitro durch Stimulation mit Phorbolestern, IFNader GM-CSF zu einer
zunehmenden Resistenz gegentber dem Toxin, die mit einer reduRedeptorexpression
einhergeht (265). Dagegen steigt bei Kaninchen die Aktivitat degfS@mthetase in
lleumzellen am 18. Lebenstag sprunghaft an, wahrend die Aktivitdbaektosidase stark
abnimmt (212). Infolgedessen ist erst ab dem 20. LebenstatC[Bty auf den Zellen
nachweisbar und die Anzahl der Molekule steigt bis zum 24. Tag alideau der Zellen
adulter Tiere an. Dies wird begleitet von einem Anstieg der Bnghthkeit der
entsprechenden Darmabschnitte fir die enterotoxische Wirkung des Shigatoxins (211)

Das Gleichgewicht zwischen dem Syntheseschritt von Laktoaylueérzu GB/CD77
durch die Gb-Synthetase und dem Abbau durch ali&alaktosidase reguliert die @g6D77-
Expression auch auf HelLa-Zellen (24, 129). In Daudi-Zellen haben rdigntaktivitaten
dagegen keinen Einfluss auf die 4BRD77-Expression, so dass noch weitere

Regulationsmechanismen existieren mussen (261).

LPS verstarkt die Wirkung der Shigatoxine auf humane Nabelschnurieickiten
(HUVEC) durch eine Erhohung der Anzahl der entsprechenden Rezeptoredeuf
Zelloberflache um das 10fache (187, 341). Ahnlich wie LPS, verstickt der unter LPS-
sowie Stx-Einwirkung aus Makrophagen freigesetzte Tumor-Nekrdde+fFapha (TNFe)
in additiver und synergistischer Weise die Wirkung der Shigataanéndothelzellen. Durch
Vorinkubation von Endothelzellen mit TNd4&Rt sich die Anzahl der Stx-Bindungsstellen
um das bis zu 100fache steigern (341). Diese Erhéhung der Rezeptorexpoessianauf
einer gesteigertede noveSynthese der Rezeptoren durch eine Proteinkinase C-vermittelte
Aktivitatssteigerung sowohl der Gtsynthetase (340) als auch der Enzyme die die Synthese

der Vorlaufermolekiile katalysieren (318). Unter Einwirkung von LPS ®8Et-a setzt die

10
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Erh6hung der Rezeptorzahl nach 6-8 Stunden ein und hélt 48 Stunden an (340))dais-1
wie TNF-a unter LPS- und Stx-Einwirkung aus Makrophagen freigesetzt wirdibdesnsrt
Endothelzellen mit der gleichen Kinetik und in gleichem MalRe gdmen8tx wie TNFa
(146). Auch IL-PB induziert in den Endothelzellen tGber den TranskriptionsfaktokBlfelie
Produktion von Enzymen, die vermehrt Sphingomyelin-Molekiile zu Zeramideneahlzhe
dann als Substrat fur die @6D77-Synthese dienen (146).

Im Gegensatz zu HUVEC werden humane renale mikrovaskulére Ermtigrel
(HRMEC) und glomerulare Endothelzellen (,glomerular capillargathelial cells*, GCEC)
in vitro durch Toxinkonzentrationen geschadigt, die bei HUVEC keine Effakidtsen
konnen (238, 345). Bereits 5 bis 6 Stunden nach Zugabe von Stx1 zu GCEC-Kuiltuman
die Proteinbiosynthese der Zellen ab. Nach 10 Stunden manifegttergis zytotoxischer
Effekt (345). Entsprechend weisen diese Nierenendothelzellen, verghuh&lUVEC, einen
50fach héheren GRCD77-Gehalt und damit eine Rezeptordichte wie Vero-Zellen auf).(238
Die Heterogenitat der Reaktion der Endothelzellen auf ShigatgRBf) manifestiert sich
auch in der unterschiedlichen Bedeutung von Zytokinen. Wahrend Zytokine bei
Nierenendothelienn vitro weder einen Einflu3 auf die Rezeptorexpression noch auf die
zytotoxische Wirkung der Shigatoxine besitzen (238, 345), steigerndlNifd IL-13 die
Rezeptorexpression bei mikrovaskuldren Endothelzellen aus dem memschiehirn
erheblich (61, 264).

Experimentell lasst sich in Zellen die Synthese des Rezeptwh durch Buttersaure, die
die Differenzierung von Zellen auslost, induzieren (148, 287). Da Bétter ein
Stoffwechselprodukt der anaeroben Darmflora darstellt, ist misbde, dass sie vivo eine

ahnliche Wirkung auf Darmepithelzellen hat.

2.2.2 Verteilung auf Zellen und in Geweben

Ghy/CD77 und G wurden auf verschiedenen Tumorzelllinien, primar kultivierten Belle
und in Geweben verschiedener Spezies nachgewiesen. Dabei untersstoideerschiedene
Tierarten erheblich in der Verteilung der Stx-Rezeptofiabélle 2.9. Der Nachweis von
Ghy/CD77 bzw. Gb korreliert meist mit der Empfanglichkeit der Zellen oderw@lee
gegeniber einer zytotoxischen Wirkung der Shigatoxine. So erklarenzbptBiespezifitdten
von Stx2e bzw. den anderen Shigatoxinen zusammen mit den Unterschiéderkammen

von Ghy bzw. GR/CD77 auf Zellen und in Geweben zum Teil die Unterschiede in den
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klinischen Symptomen nach Infektionen mit Stx2e oder Stx1/2-bildefadeoli (20, 51, 105,
280, 339).

Obwohl Shigatoxine urspriinglich als zytoletale Toxine beschrieberdewurist
inzwischen deutlich, dass die zellularen Wirkungen der Toxine eiite®r&Spekirum
umfassen, wobei bestimmte Wirkungen haufig spezifisch fur bestinZielleypen sind.
Diesen verschiedenartigen, meist eher modulierenden Wirkungen kommtRattiegenese
von STEC-bedingten Erkrankungen wahrscheinlich eine grdossere Bedewuuats der
zytoletalen Wirkung (259). Dabei hangt die Zellspezifitat der Stx-Wirkuegentlich von der
Lokalisation des G#CD77 in der Zellmembran ab (69). So isty@&D77 in HeLa-Zellen, die
empfindlich fur die zytoletale Wirkung der Shigatoxine sind, Bes&lndbn Detergentien-
unléslichen, Glykosphingolipid-reichen Mikrodomanen der Zellmembran, die @sc,lipid
rafts* bezeichnet werden (69). Hier lokalisiertes;/GB77 kann sowohl die Endozytose und
den retrograden Transport der Shigatoxine zum biosynthetischen/siskretor
Vesikeltransportweg vermitteln (69) als auch die Aktivierung vagn&@kaskaden von der
Zelloberflache aus (145). Die biochemische Zusammensetzung g2 0GE-enthaltenden
Jlipid rafts” ist derzeit noch unklar. In polarisierten Caco-2lete (168) und in HeLa-Zellen
(69) ist GR/CD77 strikt mit dem Gangliosid GMeinem gebrauchlichen Marker fur ,lipid
rafts* kolokalisiert, jedoch existieren in Vero-Zellen zu versdeieen Phasen des Zellzyklus”
unterschiedliche lipid rafts®, die entweder GMder GB/CD77 enthalten (191).

Im Gegensatz dazu befindet sichz@&D77 bei humanen Monozyten und Makrophagen,
die gegeniber der Proteinbiosynthese-inhibierenden Wirkung des Shigatosanstdnt sind,
aber auf das Toxin mit einer veranderten Zytokingen-Transkripteagieren (343),
ausserhalb von lipid rafts® (69). Wahrend Caco-2-Zellen nach Desattegrder ,lipid
rafts“ das gebundene Stx nicht mehr internalisieren konnen (168), sinchémnozyten
dazu noch in der Lage, transportieren das Stx aber Uberwiegend zu Epdtsomen, in

denen es vor dem Ubertritt in das Zytosol degradiert wird (69).
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Tabelle 2.2:  Ubersicht (iber die zelluldre Verteilung von GFCD77-artigen Stx-Rezeptoren bei verschiedenen Spezies

Maus Kaninchen Schwein Rind Schaf Ziege
Zellart:
Intestinale Epithelzellen (+) nur far Stx2 (296) + nur + (149, 211) ? (260) + (110); (diese
+ nur Zelllinien distales Studie)
Kolon (120)
Endothelzellen
in grossen Gefassen + (188, 214, 242, 341, 369) + (17),
- (242)
in der Mikrovaskulatur + (66, 240, 242, 254)
intestinal + (270) - (260)
in renalen Glomeruli + (30, 186, 345) + (361) - (260)
im ZNS + (61, 264) + (270) + (361)
in der Lunge + (274)
Nervenzellen ? (20)
Nierentubulusepithelzellen + (30,32,112,157,180)  ? (119) - (373) + (361) + (110, 260)
Renale glomerulare Epithelzellen - (373)
Fibroblasten + (diese Studie)
Intestinale Myofibroblasten
Monozyten / Makrophagen + (335) + (361) + (diese Studie)
Mesangiumzellen - (373) - (110)
+ (272, 344)
Gewebsmakrophagen + (208, 361) + (diese Studie)




Tabelle 2.2: Fortsetzung

Mensch Maus Kaninchen Schwein Rind Schaf Ziege

Zellart:
Lymphozyten - (361) + (diese Studie)

B-Zellen + (40, 198, 199) + (93) + (diese Studie)

apT-Zellen - (40, 198) - (119, 161) + (diese Studie)

yoT-Zellen + (diese Studie)
Granulozyten (+) (332) + (361) - (diese Studie) + (diese + (diese

Studie) Studie)

Erythrozyten + (16, 231) - (20)
Plattchen + (41, 143)

Legende: * Stx2e-Bindungsstellen / Glvurde nicht beriicksichtigt

+ = Gly/CD77 und/oder Stx-Bindungsstellen nachgewiesen; -#GBlY7 und/oder Stx-Bindungsstellen nicht nachweisbar;

(+) = von GR/CD77 abweichende Stx-Bindungsstellen nachweisbar; ? = Hinweise avibdasidensein von Stx-Bindungsstellen



2. Schrifttum

2.2.3 Interaktionen mit Stx

2.2.3.1 Affinitdt und Kinetik der Toxin-Rezeptorbindung

Die Bindung des Shigatoxins an 4BD77 als Bestandteil einer Zellmembran ist mit
einer Assoziationskonstanten von ca. W0 hochaffin (59, 211, 244). Die hohe Aviditat
beruht im wesentlichen auf der Multivalenz der Rezeptorbindung Ubauhl® Rezeptor-
Bindungsstellen je Holotoxinmolekiil. Die Assoziationskonstante destSkigs an einzelne,
l6sliche Gh/CD77-Molekiile ist mit 1x1¥™ erheblich niedriger (310). Daneben existieren
auf HelLa-Zellen aber auch niederaffine Bindungsstellen mit hBhetungskapazitat. Im
Gegensatz zu den hochaffinen Bindungsstellen ist die Kapazitat neeleraffinen
Bindungsstellen jedoch nicht proportional zur Empfindlichkeit der Zeltsyeguber Stx (59,
126, 176). Da die Affinitat vom Lipidanteil des ¢BD77-Moleklls abhangt, konnte die
Ursache fir die biphasischen Bindungskinetiken in unterschiedlichen higilga liegen
(248). Auch beeinflussen andere Membranlipide ("Hilfslipide™) dieeRexmaffinitat (152).
Fur Stx2 wurde unter experimentellen Bedingungen eine 10fach niedrigeeptBraffinitat
als fur Stx1 ermittelt. Dies konnte die hohere Aktivitat von Stx1 in Zytotoxizistserklaren
(105).

Die Stx-Bindung besitzt eine Temperaturabhangigkeit mit emsetimalen Bindung bei
37°C (176, 286). Jedoch auch bei 0°C, bei der Toxin nicht endozytiert wird,t esiolgehr
rasch. Bei 4°C werden bereits nach 5 Minuten mehr als 50 % der alamgyglichen
Toxinbindung, nach 15 Minuten das Maximum erreicht (126). Die Konstantediéir
Bindungsrate betragt etwa 1,581 's* (59). Wegen der hohen Bindungsaffinitat kommt es
kaum zu einem Austausch zwischen freiem und gebundenem Toxin. Nur 20 % des
zellgebundenen Stx1 I6sen sich nach 20 Stunden Inkubation bei 0°C wieder von den Zellen ab
(59). Die Toxinbindung durch Zellen ist pH-abh&ngig mit einem breitete& zwischen pH
5-8 (126). Erst unter einem pH-Wert von 3,5 nimmt Affinitdt des ToximsGhy/CD77
deutlich ab (278).

2.2.3.2 Der Kohlenhydratanteil des Rezeptors

Mit Ausnahme von Stx2e binden alle Shigatoxine spezifisch aredi@nale Galabiose
(Galo1-4Gal) des GHCD77 in der Membran eukaryontischer Zellen (176, 181, 280, 346).
Unter kunstlichen Bedingungen binden die Toxine aber auch an isoliesteoder
Trisaccharide (280). Durch Vorinkubation mit Galabiose lasst diehzytoletale Wirkung
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von Stxauf HelLa-Zellen drastisch reduzieren. Eine Hemmung findet barediquimolaren
Konzentrationen statt (24, 176, 346). Eine Vorbehandlung von Zellen oder Gemélne
Galaktosidase senkt deren Toxin-Bindungsvermégen (51, 181, 346). Aber auych Gb
(Galabiosylzeramid, Gall-4GaPB1Cer) scheint auf HelLa-Zellen und Daudi-Zellen als
funktioneller Rezeptor zu fungieren (39, 280). Ausserdem binden die Toxig@asai1l-
Blutgruppenantigen, das ebenfalls Uber eine endstandige Galabiose verfligt (176).

Die Variante Stx2e bindet bevorzugt an,Ghb dessen Kohlenhydratkette die Galabiose
subterminal zu einem N-Azetyl-Galaktosaminrest steht (51). D& [@eazetylierung dieses
Kohlenhydrates die Bindung von Stx2e nicht beeinflusst, ist vermuriichlie terminalg1-

3 Galaktosestruktur fur die Bindung verantwortlich (51). Eine solch&i®trkommt auch in
Galaktosylglobotetrasylzeramid (§bund im Blutgruppenantigen Forssman vor. An diese
Membranbestandteile kann die Stx2e-Variante ebenfalls binden (51, 280).

2.2.3.3 Der Lipidanteil des Rezeptors

Stx bindet bevorzugt an Kohlenhydratstrukturen, wenn das Oligosatemaein Lipid
oder ein Protein gekoppelt ist (176). In S&dugetieren wurde bisheGeailabiosestruktur am
terminalen, nicht reduzierenden Ende von Sacchariden nur bei Glykolipilemdge (24).
Die Struktur des Lipidanteils ist fur die Prasentation der Gadaisiruktur auf der
Zelloberflache essentiell. So bindet Stx nicht an Digalaktosyirigige, sondern nur an
Oligosaccharide, die an ein Zeramid gekoppelt sind (181, 248). Die Zarateild der Stx-
Rezeptoren bestehen aus einem Sphingosin- oder Dihydrosphingosin-Motekials aiber
eine Amidbindung eine langkettige Fettsaure gebunden ist (248). ICBH/-Molekilen
aus dem Kaninchendarm oder der Muttermilch finden sich hydroxyliadeunhydroxylierte
Fettsduren (149, 230). Im Gegensatz dazu weisen disCBB/- und Gh-Molekile aus
humanen Nieren nur unhydroxylierte Fettsauren auf (248).

Auf die raumliche Orientierung der Kohlenhydratantefél{. 2.4) hat insbesondere die
Lange der Fettsauren des Lipidanteils einen Einfluss. Shigatogrkennen bevorzugt
Rezeptoren mit C12- bis C24-Fettsauren (248). Wahrend die Toxine wptineentellen
Bedingungen auch an Rezeptoren mit kurzkettigen Fettsduren bindemtses in der
Lipidumgebung einer Membran eine untere Grenze der Fettsaureldmgbden, die fur eine
Toxinbindung erforderlich ist (248). Bei der dunnschichtchromatograpmsabérennung
von Glykolipiden aus humanen Nieren lassen sich 2 Banden vefCIBb/-Molekilen

unterscheiden, die jeweils eine Mischung aus Glykolipiden mis&atn unterschiedlicher
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Lange darstellen. Eine Bande wird dominiert vons/GB77-Molekilen mit einer C24:1-
Fettsdure und bindet Stx1 mit niedriger Affinitat, aber hoher KadaZie zweite Gruppe
wird dominiert von GHCD77-Molekilen mit einer C16:1-Fettsaure und bindet Stx1 mit
hoher Affinitdt und niedriger Kapazitat. Die Affinitat und Kagarider Bindung von Stx1 an
beide Banden ist dabei héher als bei einer Bindung an die jeweiligeisys¢hetischen
Rezeptoranaloge. Eine Mischung von Rezeptormolekilen mit unterschiedliche
Fettsdureanteil in physiologischen Membranen begulnstigt damiutieah die Stx-Bindung.
Moglicherweise kommt es durch die Mischung von unterschiedlichenpkeee und
zusatzlichen "Hilfslipiden” zur Ausbildung einer unebenen Oberflacleedidi Bindung des
StxB-Pentamers fordert (248).

Die Affinitat verschiedener Shigatoxine zu LD77-Molekilen mit Fettsauren einer
bestimmten Lange ist jedoch nicht immer gleich. Wahrend Stx1 heytoan GB/CD77-
Molekule mit C20:0- oder C22:1-Fettsauren bindet, zeigt Stx2c eifer@mna fir Rezeptoren
mit C18:0- oder C18:1-Fettsauren. Da sich die beiden Toxine nur schleglnseitig von
ihren jeweils bevorzugten Rezeptoren verdrangen, binden sie vernautlishterschiedliche,
aber Uberlappende Kohlenhydratepitope, die aufgrund der unterschiedlidtsguféanteile
in den GR/CD77-Molekilen in der Membranumgebung unterschiedlich prasentiert nverde
(152).

N-Azetyl-
Galaktosamin

Glukose

Galaktose

Galaktose

Zeramid

Abb. 2.4: 3D-Modell des Globotetraosylzeramid (G)) (nach (100))
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2.2.3.4 Die Rezeptorbindungsdoméne der Toxine

Fur die Stx-Bindung an Rezeptoren ist das Pentamer der B-Uiteitein verantwortlich
(105, 124, 349). Die A-Untereinheit liegt nach Bindung des Toxins an dempt@eaaf der
membranabgewandten Seite (312) und ist zumindest bei Stx1 annden&inicht beteiligt
(125). Die Rezeptorbindung scheint insbesondere durch die Aminoséuren Aspl6, Aspl?,
Arg33, Trp34, Ala43, Lys53, Gly60 der reifen StxB1 vermittelt zu werd€b,(132, 183,
249, 250). Ausserdem ist die Disulfidbriicke zwischen den Aminoséuren 4 und 8ié fu
Bindung essentiell (132). Die Bindung wird dariiberhinaus vom C-teremnahde der B-
Untereinheit stabilisiert. Fuhrt eine Entfernung der letzteddmeiAminosauren (Phe68 und
Arg69) bereits zu einer reduzierten Bindung von Stx1l an den Rezeptdmdet nach
Entfernung der letzten 4 Aminosauren keine Rezeptorerkennung ragh{250). Trotz z.T.
widersprechender Befunde nahm man urspringlich an, dass die Trektarstder
Shigatoxine hoch konserviert ist und bei den Toxinen der Stx2-Gruppe fur die
Rezeptorbindung die zu Stx1 homologen Aminosauren verantwortlich sind (130, 2a@h Je
weiss man inzwischen, dass pro B-Untereinheit bis zu drei unabh&amggeptor-
Bindungsstellen existieren, die sich wiederum zwischen den hiedemen Toxinen
unterscheiden konnen.

Die Rezeptor-Bindungsstelle | wird von 2 [(-Faltblattern in Form einer Tasche
ausgebildet Abb. 2.5). Die Faltblatter gehéren jeweils zu einer von zwei im Reata
benachbarten B-Untereinheiten. Die polaren und sauren SeitenketteAndeosauren
Aspl6-17 der(-Faltblatter kénnen Wassserstoffbriicken zu den polaren Gruppen der
Kohlenhydrate in den Rezeptoren ausbilden (233). Konservierte archeaege des Phe30
legen sich ausserdem an die Zuckerringe (233, 312). Die Rezeptotdpénif Gk/CD77
wird hauptséchlich durch Aspl18 im Stx1-Molekil bzw. Aspl7 in den MolekilerSoer
Toxine bedingt. Bei Stx2e befindet sich an dieser Stelle einrAgpaest. Dartberhinaus
stabilisieren im Stx2e-Molekll die Aminosauren GIn64 und Lys66 verchutliber eine
Wechselwirkung mit dem N-Azetyl-Galaktosaminrest die Bindung aj(Glb, 339).

Obwohl die Rezeptor-Bindungsstelle von zwei benachbarten Monomerddegetird,
ist die Affinitat der Bindung der Monomere an den Rezeptor idéntist der des Pentamers
(266). So kompetitieren StxB1l und das Stx1l-Holotoxin in aquimolaren Mengediaim
Bindung an GHCD77 (105). Dieser scheinbare Widerspruch lasst sich dadurchrerdass
nur eine Seite der Tasche die Affinitat vermittelt wahrendad@ere nur die Bindung stitzt.
Bei einem Vergleich der Aminosauresequenz von CD19, einemCBB7-bindenden
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Molekul auf B-Zellen (sieh.2.4.), und den B-Untereinheiten der Shigatoxine zeigt sich
eine etwa 50 %ige ldentitat. Diese umfasst bei den B-UntereinttdgeAminosauren, die fur
die Ausbildung der Rezeptor-Bindungsstelle zwischen zwei B-Untezgen im Pentamer
verantwortlich sind. Dabei liegen die meisten Ubereinstimmmenden Aminnséu(a+1) B-
Monomer @Abb. 2.1). Dies deutet daraufhin, dass diese Seite der Rezeptor-Bindulegsste
allein ausreicht, um die Glykolipid-Bindungsspezifitat zu defamerwahrend die andere

Seite den Zugang zum Rezeptor nur unterstitzt (195).

Wahrend Lingwoocet al. (182) aufgrund von kristallographischen Untersuchungen die
Stelle | als wichtigste Rezeptor-Bindungsstelle des Shigatoxingdchggtn, zeigten Kitovat
al. mit Hilfe der Resonanz-Massenspektrometrie, dass eine Bindun@lggmmologem -
Trisaccharid an Stelle | erst nach Absattigung von 5 anderen Rjssiigtien im StxB1-
Pentamer stattfindet (155). DieRezeptor-Bindungsstelle lIbefindet sich bei StxB1 auf der
anderen Seite des Phe30 und wird durch eine Glycin-Schlej@d®PR) sowie Asn32 und
Arg33 gebildet (233). Die Energie der Interaktion zwischen iseherGk/CD77 und Stelle
Il betragt etwa 50 % der Energie der Wechselwirkung zwis&sfCD77 und Stelle | (233).
Allerdings sind die Affinitdtsunterschiede deutlich geringernmveésk/CD77 Bestandteil
einer Lipidmembran ist (307), da die Umgebung des Rezeptors eineergiossiuss auf
sein Bindungsverhalten besitzt (si¢h2.3.3. In der B-Untereinheit des Shigatoxins 2 hat die
Disulfidbriicke zwischen den Zysteinresten 3 und 56 eine andere Konfommels die
zwischen den Zysteinresten 4 und 57 in Stx1 (76). Eine Bindung vefCGI/ in die
Rezeptor-Bindungsstelle 1l des Shigatoxins 2 in der gleichénvfg in Stx1 wirde eine
Konformationsénderung dieser Disulfidbriicke erfordern, da sonst dieiuofdratkette des
Rezeptors mit dem Ser54 kollidieren wirde (76). Die Stelle tt wilerdings von Stx2c
bevorzugt, da dieses Toxin an der dem Aspl7 des Shigatoxins 1 homBloggon einen
Asparaginrest besitzt, der nicht in der Lage ist Wassersiiokbn zum Kohlenhydratanteil
des GR/CD77 auszubilden (182, 233). Diese Unterschiede kodnnten unter anderem die
unterschiedlichen Rezeptoraffinitdten von Stx1, Stx2 und Stx2c erklareAusvdrkungen
auf die biologische Wirkung der Shigatoxine im Gewebe haben (76).
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Abb. 2.5: 3D-Darstellung der Gh-Bindungsstellen | (oben) und Il (unten) in zwei bendabarten
B-Untereinheiten des Shigatoxins 1 (aus (182))
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Daruberhinaus wird auch die Existenz einer niedrigaffiRemeptor-Bindungsstelle Iii
am N-Terminus der StxB-Helix und damit an der Basis des B-Pentamers beschrieben, wo
der C-Terminus des AFragmentes aus der zentralen Pore austritt (11, 76, 177). Jedoch
scheint dieser Bindungsstelle bei der Vermittlung der zyteletAktivitdt des Shigatoxins 1
nur eine untergeordnete Bedeutung zuzukommen (363). In Stx2 haben, anteisSakd,
die 5 Trp33 jeder B-Untereinheit keine einheitliche Ausrichtung (Ué). Gky/CD77 an
dieser Stelle binden zu konnen, missen aber moglicherweise alleptopfrgnreste so
beweglich sein, dass sie sich gemeinsam mit den benachbarteaghspsten in Position 34
zur Bindungskonformation drehen kénnen (76).

2.2.4  Wechselwirkung mit physiologischen Liganden

2.2.4.1 humanes CD19

CD19 ist ein 95-kDa Protein mit einer extrazellularen Regiondche potentielle, tber
Disulfidbriicken verbundene Doménen umfasst. Die Expression von CD19 istrstas
Anzeichen, dass sich hamatopoetische Zellen zu B-Zellen differenziCD19 geht erst
wieder bei der terminalen Differenzierung der B-Zellen rasfazellen verloren. Auf der
Zelloberflache ist CD19 an der Bildung eines Komplexes mit CDZ181Cund Leu-13
beteiligt. Eine Ligandenbindung an CD19 fuhrt zu einer Signaltransduktion walutictiazur
Aktivierung der Integrin-abhangigen Adhésion, zur Proliferation undeB&ffzierung im
Rahmen der B-Zell-Reifung (195), aber auch zur Apoptose der Zelle (150).

Der Vergleich der Aminosauresequenzen zwischen CD19 und StxBit erge fast
50 %ige Ubereinstimmung. Diese betrifft bei CD19 Bereiche xkeazellularen Domane, bei
StxB1 die Aminosauren, die im Pentamer fir die Ausbildung der RezBptdungsstelle |
verantwortlich sind. Dadurch bindet CD19 auf der Oberflache vonliBfZan das ebenfalls
dort vorhandene GRCD77 (195). Nur im Komplex mit GHCD77 wird CD19 retrograd uber
das ER bis hin zur Kernmembran transportiert (150). Bei Mutanterendéh/CD77 fehlt,
liegt CD19 in einer Form vor, die sich durch eine herabgesetziiait&f gegeniuber
Ghbs/CD77 auszeichnet und eine Integrin-abhangige Anheftung nicht metier kann
(195). Deshalb wird eine Wechselwirkung zwischer/Gb77 und CD19 auf der Oberflache
von B-Zellen vermutet, die mehrere Ereignisse umfasst. CD19 wifd BaZellen
wahrscheinlich als unreifes Protein ohne Disulfidbriicken exprimAerit der Oberflache der
Zellen bindet CD19 dann an @6D77-Molekule, die auf der gleichen Zelle vorhanden sind.

Dadurch kommt es zur Annaherung von Thiolgruppen im CD19-Molekul, zur Bildung von
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Disulfidbriicken und damit zur Ausreifung des Molekiils. Das ausgerddtO®1olekul ist
an der Ausbildung von zwei Formen der Zell-Zell-Adhasion betetiigtin vivo vermutlich
eine essentielle Rolle beim Homing von B-Zellen und bei der Ausbildond<eimzentren in
den lymphatischen Organe spielen. Einerseits interagieren CD#9 Gk/CD77 auf
benachbarten Zellen, wodurch B-Zellen untereinander, aber auch an lleb&id9
exprimierende follikulare dendritische Zellen binden kénnen. Anderetsieitet CD19 an
Ghy/CD77 der gleichen Zelle und erfahrt dadurch eine KonformationsémgleDiese
Anderung ist Voraussetzung fur die Signaliibertragung, die vom CD2A/CD81-Komplex
ausgeht und zur starken Zelladhasion durch Integrine fiihrt. Uber dieisken be
Adhasionsformen werden die B-Zellen in den Keimzentren verankert. 20imd Abschluss
der B-Zell-Differenzierung G#CD77 und moglicherweise auch CD19 herunterreguliert, geht
diese Anheftung verloren und die B-Zellen werden aus den Keimgeirigee System
ausgeschwemmt. In der Tat tragen nur Zellen in den Keimzentrg@B&y und terminal
differenzierten Plasmazellen fehlt CD19 (195). Bindet Stx agiCRlY 7 auf B-Zellen, stehen
die Gly/CD77-Molekile CD19 nicht mehr zur Bindung zur Verfigung. Dies kosidk
einerseits Uber die Auslosung von Apoptose durch Stx1 hinaus gravieredd @&HZell-
Reifung und -Differenzierung auswirken, andererseits aber auchuglésting von Apoptose

durch Vernetzung von CD19-Molekiilen auf der Zelloberflache verhindern (150).

2.2.4.2 Untereinheit 1 des Interferora Rezeptors (IFNAR-1)

Auch IFNAR-1 weist auf Aminosaureebene Homologien zu den &ereider StxB auf,
die fur die Bindung des Pentamers ans/GB77 verantwortlich sind. Diese Homologie
betrifft besonders das humane und das bovine IFNAR-1 (86). Obwohl dien@eqo®logie
im Falle des IFNAR-1 nicht so hoch ist wie bei CD19 (195), kann auchnderferon-
Rezeptor auf der Zelloberflache an &D77 binden (86). Diese Wechselwirkung mit
Ghbs/CD77, aber auch mit Glund eventuell mit Gj fihrt zu einer Konformationsanderung
des Rezeptors, der dadurch von der niederaffinen in die hochaffine Forfiihitogvird
(183). Auf diese Weise modulieren die Glykolipide den Interferon-Rezeytoe seine
Expression zu beeinflussen. Nur die Bindung von Interferon an den hoehaRezeptor
kann eine biologische Wirkung ausldsen (86). Stx hat, vermutlich aufgrungedt&meren
Struktur der B-Untereinheiten, zu bestimmten Isoformen defOBE 7 eine hdhere Affinitat
als der Interferon-Rezeptor (183). Inkubiert man Daudi-Zellen mitl,Stxird die

Bindungskapazitat der Zellen fur Interferan{IFN-a) deutlich gesenkt. Die Kapazitat
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entspricht dann etwa der von Daudi-Zell-Mutanten, die keigfl@/7 exprimieren (86). In
diesen Mutanten ist die Interferon-abhéngige Aktivierung zytosolische
Transkriptionsfaktoren (86) und dadurch sowohl die proliferationsinhibierendegs9dyich

die antivirale Wirkung des IFN-deutlich reduziert (151). Entsprechend kann Stx1 in Zellen
mit physiologischer G#CD77-Expression den antiinvasiven Effekt von IENauf die
Invasion von Bakterien in HEp-2-Zellen aufheben (26). Auch werdemi®tizierende
Shigella flexnerKeime durch Interferone nicht an der Invasion gehindert (26). Fi@a e
effiziente Verdrangung des Interferon-Rezeptors vony/@/7 reicht die isolierte B-
Untereinheit des Toxins aus (151). Obwohl die Verdrangung an deb&dlixhe stattfindet
und eine Endozytose des Toxins / der B-Untereinheit nicht erfortaléstid151), konnte die
Hemmung der Proteinbiosynthese die Blockade der Interferon-Wirkumgeh weiter
verstarken (26). Allerdings werden offensichtlich die verschied&dekungen des IFNx
durch Interferon-Rezeptoren vermittelt, die mit verschiedenen teefordes GHCD77
verbunden sind. So verbleiben SBBD77-Isoformen, die langkettige Fettsauren enthalten,
bevorzugt an der Plasmamembran und vermitteln von dort nach WechselwinkuRNAR-

1 die antivirale Aktivitat des IFN+~. Ghy/CD77-Isoformen mit kurzkettigen Fettsauren
werden dagegen bevorzugt internalisiert und vermitteln dadurch nicht nuzytidetalen
Effekt der Shigatoxine, sondern auch die IFNAR-1-abhangige proldesathibierende
Wirkung des IFNe (151).

2.2.4.3 Haupthistokompatibilititskomplexe der Klasse Il (MHC-II-Molekile)

Durch Sequenzvergleiche silico wurde eine dem Stx &hnliche Aminosduresequenz in
der 3-Kette von humanen und murinen MHC-II-Molekilen entdeckt (83). Im Gegensat
CD19 ist die Oberflachlichen-Expression von MHC-II beb/GID77-defizienten Daudi-Zell-
Mutanten jedoch unverandert, auch wenn diese Zellen eine ernieGag@mntmenge an
MHC-II-Protein aufweisen. Es wurde vermutet, dass eine BindiamyGhky/CD77 an die
MHC-Molekule deren Peptid-bindenden Eigenschaften modifizieren kénnte (83).

Das Vorhandensein von Stx-ahnlichen 3GID77-Bindungsstellen in CD19, dem
Interferon-Rezeptor und MHC-II kdnnte fur den Verlauf von STEC-Indelen auch insofern
Bedeutung haben, als das Immunsystem eventuell eine spezifischealeufamwort gegen
Stx unterdriickt, um einer Autoimmunreaktion gegen identische Epitope inré&i@geen

Molekulen vorzubeugen. Dies konnte in Verbindung mit der Schadigung von BrZdeilteh

23



2. Schrifttum

Stx erklaren, warum Menschen nach Stx-Exposition nur niedrige Antikibepegegen die
Toxine entwickeln (195, 268).

2.3 Wirkungsmechanismen der Shigatoxine
2.3.1 Internalisierung und enzymatische Aktivitat

2.3.1.1 Rezeptor-vermittelte Endozytose

Die Shigatoxine sind die ersten bekannten Liganden, die GlykolipdgRaren zur
Endozytose durch Clathrin-ummantelte Vesikel benutzen (130). Nach Birmlurdje in
Jlipid rafts befindlichen G/CD77-Molekiile (69) kommt es nach 10 bis 15 Minuten durch
Seitwartsbewegung innerhalb der Membran zu einer Anreicherungr diezeptoren in
Clathrin-ummantelten Einziehungen der Membran (286). Der zugrundeliegende
Mechanismus ist noch nicht bekannt. Das/GB77 aber kein transmembranes Molekil
darstellt, kdnnte die Wechselwirkungen mit Membranproteinen, wie CDA®),(IFNAR-1
(86) oder MHC-IlI Molekilen (83), den Rezeptor nach Vernetzung durch diwatente
Toxin in den Membraneinziehungen zu halten (289). Zusatzlich scheiraieeDichte von
bestimmten G¥CD77-Isoformen auf der Zelloberfliche die Zusammenziehung von
gebundenen Stx-Molekulen in lipid rafts“ zu begtinstigen (69).

Zum Zeitpunkt der Anreicherung in bestimmten MembranbereichelassToxin bereits
in tubulédren und vakuolaren Endosomen nachweisbar (286). Nach der Fusion der Endosomen
mit sauren Vesikeln werden 5-10 % des endozytierten Toxins bei 37°@halimeson 60
Minuten zu den trans-Zisternen des Golgiapparates transpor@&, (289). Der
zugrundeliegende Sortiermechanismus, der das Toxin spezifischilevgtewird durch die
Lange der Fettsauren im @8D77-Molekll bestimmt (5, 288) und ist unabhangig von Rab9
(136) oder Rab5 (232). Vielmehr sigeAdaptin (192), SNARE-Proteine (193), Syntaxin 5
(328) und der Phopsphoinositol-bindende Clathrin Adaptor EpsinR (276) an diesem cAMP
abhangigen Prozess beteiligt (288). Wahrend der Rezeptor vermutiimbnbMinuten zur
Zelloberflache zurlckkehrt (88), verbleibt das Toxin in der Zelle. Dasin wird nicht
wieder zur Zelloberflache transportiert, auch wenn es nicht in das Zytosuitti(iz86).

Obwohl Stx kein KDEL-Motiv besitzt (87), erreicht Stx vom Golgi-Apggiaaus Uber
einen speziellen retrograden Transportweg, der abhangig von der kElitase Rab6a ist
(193, 353), anders als die endozytierte Flissigkeit das endoplasm&edhdum (ER) und
sogar die Kernmembran (283). Offensichtlich wird das BeschreitsesliTransportweges
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wesentlich durch die spezifischen Eigenschaften degCBE7 verursacht. So wird auch
humanes CD19 nur im Komplex mit 8D77 retrograd bis zur Kernmembran transportiert
(150). Fur die Ausbildung der Zytotoxizitat ist der Transport des Toxins zunsgeRteell, da
anscheinend nur hier die erforderliche Translokation in das Zytostiinstan kann (286).
Hemmt man in Zellen die Endozytosevorgédnge durch Entzug von ATP, Heffandés
Zytoskeletts, Absenkung des intrazellularen pH-Wertes oder Tetopen unter 20°C
werden die Zellen gegentber dem Toxin resistent (24, 127, 286). FEndozytose spielt
die Polaritdt von Zellen keine Rolle, da das Toxin sowohl vom apikalerauch vom

basolateralen Pol mit gleicher Effizienz aufgenommen wird (204, 287).

Allerdings binden auch viele toxinresistente Zelllinien dasiimfaxt hoher Affinitat (59).
Man vermutet, dass die unterschiedliche Empfindlichkeit von der langsanmeernalisation,
einer ineffizienten intrazellularen Prozessierung oder einer gexen Sensitivitat des
Proteinsynthese-Mechanismus abhangen koénnte. In der Tat existreenchen Zellen ein
zweiter Endozytoseweg fur Stx, der durchs@ID77-Molekule vermittelt wird, die sich
ausserhalb von ,lipid rafts” in der Zellmembran befinden (69, 232). Diesgozytoseweq ist
Clathrin-unabhangig (232) und transportiert Stx zum Teil zu spaten &néosin denen das
Toxin degradiert wird (69). Stx kann zwar Uber diesen Weg auizieetf zumindest bis zum
Golgiapparat transportiert werden (232), allerdings sind die entmmden Zellen ca.
1000fach weniger sensibel als Zellen, die das Toxin zum ER und zuymkmbran
transportieren (5). Die grosse Variabilitat in der Empfindlichkeit Zellen gegentiber den
Shigatoxinen ist damit sowohl durch den Lipidanteil der jeweils axpaten Ghk/CD77-
Isoform(en) und seinen Einfluss auf die intrazellularen Trangpden als auch durch den
relativen Anteil Clathrin-abhangiger und -unabhéngiger Endozytose bedingt (285)

2.3.1.2 Prozessierung der Toxine in der Zielzelle

Die enzymatische Funktion der Shigatoxine ist mit einem enigchan Spaltprodukt der
A-Untereinheit assoziiert (236). Durch Spaltung der A-Untereinheitgin Trypsin am
Argininrest 248 oder 251 entstehen zwei Fragmente von 27 und 6 kDa, dre anec
Disulfidbriicke verbunden bleiben. Nach deren Reduktion wird das enzymaiisicie
27 kDa A-Fragment freigesetzt (234). Die proteolytische Spaltung der Stkdle sowohl in
Bakterienlysaten als auch in Vero-Zellen nachgewiesen (279).alnmBn der Intoxikation
von Zellen findet sie aber wahrscheinlich in den Endosomen odetrdasiGolgi-Apparat
statt. Hier wird StxA bei einem pH-Wert von 5-6 durch die |és&i¢orm von Furin, einer
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Kalzium-sensitiven Serinprotease mit einer Spezifitat fir -X4@rg/Lys-Arg-Motive,
gespalten (81, 284). Alternativ kann Stx, wenn auch mit niedrigefenieiz, durch die
zytosolische Protease Calpain gespalten werden (81). ImemsilfSystem erweist sich das
Aj-Fragment des Shigatoxins 1 in gereinigter Form als 3fafgktefer als enzymatisch
vorbehandeltes Toxin und 6fach effektiver als Holotoxin (267). Die Urséioheliesen
Aktivitatsunterschied liegt in der Struktur des-Pragmentes, dessen Methionin in Position
260 in der enzymatisch aktiven Tasche degFragmentes liegt und damit eine
Substratbindung verhinderAlgb. 2.2). Erst durch die Abspaltung des-Bragmentes wird
das A-Fragment aktiv (75). Hemmt man die Fusion von Endosomen mit Lysosomen und
inhibiert den proteolytischen Abbau der endozytierten Proteine, schétetdia Zellen vor
der Wirkung des Toxins (127). Ein weitergehender Abbau des Toxins fimdet
sensibilisierten MDCK-Zellen auch 2 Stunden nach der Toxinzugabe nicht statt (287).

2.3.1.3 Translokation der A-Untereinheit in das Zytosol

Die Translokation des Toxins (seineg-Bntereinheit) in das Zytosol der Zelle ist eine
essentielle Vorraussetzung fur die Intoxikation von Zellen (129, 285)h M&herigem
Kenntnisstand tritt das ;AFragment der Toxine vom ER aus durch die Vesikelmembran in
das Zytosol Uber. Ob fur die Prozessierung des Toxins oder seunehtidt durch die
Membran eine vorherige Fusion der Endosomen mit sauren Lysosomemaigtiet, wird
von einigen Autoren bestritten (282).

Die StxB1 erfahrin vitro bei niedrigen pH-Werten Konformationsdnderungen (278). Bei
pH 4,5 treten deutliche, reversible Veranderungen am Tryptophan toR@&1 auf. Dieses
Tryptophan bildet den Eingang in einen von deHelices der 5 B-Untereinheiten gebildeten
zentralen Kanal des Pentamers. Mdglicherweise wird diesénderung durch Protonierung
einer Aspartatseitenkette des Aspartatrestes 16 oder 18 und derthdaeldingten Aufhebung
einer Salzbricke zum benachbarten Argininrest 33 hervorgerufen. @ge Kst eine
Destabilisierung des N-Terminus defHelix oder eine Beeinflussung der Polaritat in der
Tryptophan-Umgebung. Sinkt der pH-Wert weiter ab, ist auchueitelix selbst von einer
Konformationsénderung betroffeim. vivo treten diese Verdnderungen u.U. schon bei héheren
pH-Werten auf, wenn die B-Untereinheiten an den Rezeptor gebunden un8txAit
assoziiert sind (278). Da die von der Konformationsanderung betroffem@mogaurenreste

in der B-Untereinheit fur die Rezeptorbindung und -spezifitdt des Hahstoerantwortlich
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sind (105, 183, 249, 330), fuhren die Anderungen mdglicherweise zu einer Abldssing
Holotoxins vom Rezeptor (88).

Beim Choleratoxin, einem Toxin mit &hnlicher multimerer Strukbidden diea-Helices
der 5 B-Untereinheiten ebenfalls eine zentrale Pore, deren Dumdimegsm des StxBl-
Pentamers entspricht. Diese Pore soll Modellvorstellungen zue Rty transmembraner
Kanal dienen, den das;Aragment, unterstitzt vomyAragment, durchquert und somit auf
die zytoplasmatische Seite der Membran gelangt (278). Darlberhiegiudas Choleratoxin
im Bereich der ER-Membran mit dem Sec61p Proteinkomplex assoziiert voradesnd des
normalen Zellwachstums sowohl neu synthetisierte Proteine in dasiiBn einschleust als
auch unkorrekt gefaltete Proteine retrograd wieder in das ZyrosoDegradierung durch
Proteasomen zurlcktransportiert (324).

Dartiberhinaus gibt es deutliche Hinweise darauf, dass auch dreeBeinheit selbst in
das Zytosol der Zelle transloziert wird. So gelingt es durchugre®ey von Fusionsproteinen
mit der B-Untereinheit exogene Antigene in den MHC-I-Prasentategseinzuschleusen
(96, 97, 171).

2.3.1.4 Proteinbiosynthesehemmung durch Ribosomeninaktiviergn

Stx zahlt zu den potentesten Inhibitoren der Proteinbiosynthese eid@rgotZellen
(105). Die Grundlage dieser Wirkung ist eine Inaktivierung der 608feinheit
eukaryotischer Ribosomen. Die Nukleotidsequenz der ribosomalen 28S RN#igster
funktioneller Bestandteil der 60S Untereinheit, ist im Bereich vonti®oos4320-4329 in
eukaryotischen Zellen hochkonserviert (63). Eine verwandte Struktur #88etRNA vonE.
coli ist an der Bindung von Elongationsfaktoren beteiligt (210). Dieser defagt als
"Haarnadelstruktur" vor (236), in deren Schleife sich in Position 432Adeninrest befindet
(Abb. 2.6). In toxinbehandelten Zellen wie auch in zellfreien Systemen \dieser
Adeninrest spezifisch vom enzymatisch aktiven;-Fhagment der Toxine nicht-
phosphorolytisch abgespalten (63, 241). Diese N-Glykosidase-Aktivitéhabhangig von
verschiedenen Kofaktoren (NAD, ATP, NADP, NADPH, Elongationsfaktoren,
Aminoazyltransferasen) (267) und allen Shigatoxinen gemeinsam @8Mh Vergleiche
zwischen den Aminoséuresequenzen des Shigatoxins 1 und des Rizins wurden dre
Homologie-Regionen identifiziert, die die Aminosduren 51-55, 167-171 und 202-207 des
Shigatoxins 1 umfassen (367). Ubertragt man diese Homologien aufbekannte

Kristallstruktur von Rizin A, liegen die beiden letztgenanntenelBae in einer vermutlich
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enzymatisch aktiven Tasche des Molekils. Den Boden dieser Taddée Glul67 und
Argl70. Die obere Seitenwand wird von den phenolischen Ringen der Tyrasiiresind

114 gebildet. Die Ringe des Trp203 schliessen die Tasche zur anderen Seite hin ab (52).
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Abb. 2.6: Sekundarstruktur der von Stx in eukaryontischer 28SrRNA erkannten Zielstruktur
(modifiziert nach (123)). Watson-Crick Paarungen sind durch schwarze Punkte markiert,

non-Watson-Crick Paarungen durch schwarze Quadrate.
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In Analogie zu Rizin A wurde fur den Ablauf der durch Stx katalysh Reaktion
folgendes Modell vorgeschlagefb. 2.7) (52):
1. Argl70 bindet Uber ionische Wechselwirkungen das Ribose-Phosphat-Rieki28S
rRNA. Die Tyrosine 77 und 114 und Trp203 stabilisieren mit ihren aisoh@n Ringen
diese Bindung und richten den Adeninrest 4324 der rRNA aus.
2. Tyr77 Ubergibt ein Proton an ein Stickstoffatom im Adeninring setdvacht damit die
Bindung zwischen C1 der Ribose und N9 des Adeninrestes.
3. Das protonierte Adenin dissoziiert und hinterlasst ein positidgeés Oxocarboniumion
im Ribosering, das durch Glul67 stabilisiert wird.
4. Abschliessend attackiert ein Wassermolekil das Oxocarboniumion, Weitodie Ribose

und stellt den Protonendonator Tyr77 wieder her.

R—<8H R—<%. R—<8H
4
NH, .
jl.. / Adenin
I\N N
N OH
R-O R-O R-O
- AR Eradi
OH OH / OH
0] o) H,O 0
R R R

Oxocarbonium lon

Abb. 2.7: Vermuteter Mechanismus der N-Glykosidase-Wirkung deShigatoxins (nach (52))

Die Abspaltung des Adeninrestes fuhrt vermutlich zu einer Konfasnsitnderung der
28S rRNA und dadurch zu einer Abnahme der Affinitdt der Ribosomen zumyeti&elnen
Elongationsfaktor 1 (eEF1), messbar in einer deutlichen Senkung ddradBangigen
GTPase-Aktivitdt (239). Als Folge dieser Konformationsanderung Komsnzu einem
drastischen Abfall der eEF1-abhangigen Bindung von Aminoazyl-tRNAli@ Ribosomen
(239). Weitere Reaktionen der Proteinbiosynthese (Aminoazetyliem@RNA, Initiation,
Peptidyltransferase-Reaktion, Translokation) sind von der Toxinwirkunogt betroffen

(239). Trotzdem kommt es zu einer vollstdandigen und irreversiblen iMigakhg der
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Ribosomen (267). Von dieser Inaktivierung sind insbesondere Ribosomendretaf zum
Zeitpunkt der Toxineinwirkung an mRNA gebunden und biosynthetisch aktiv sindeda di
Toxine 60S Untereinheiten nur dann inaktivieren kénnen, wenn diese Bettanuts
vollstdndigen Ribosoms sind (267). Damit stoppt die Proteinbiosynthesbetteffenen
Ribosomen im Stadium der Elongation mit Fixierung der Polysomuktistr(267), wodurch

die betroffene mRNA der Reaktion mit gegebenenfalls noch vorhandenektemt
Ribosomen entzogen wird. Die Reaktionsgeschwindigkeit der Inaktiviemungle im
zellfreien System auf 40 Ribosomen pro Minute preFRagment geschatzt (267). In HelLa-
Zellen wurde aus der GBPund der verwendeten Zellzahl ein Verhéaltnis von 1000 Ribosomen
je Toxinmolekul abgeleitet (25). Ein einzelnes Rizinmolekul soll 15@0%0men pro Minute

inaktivieren kénnen (135).

2.3.1.5 Kerntransport und intranukleare Wirkungen

Obwohl der Ubertritt der AUntereinheit in das Zytosol wahrscheinlich auf Hohe des
endoplasmatischen Retikulums stattfindet, ist in manchen Zellsysteter retrograde
Transport bis hin zur Kernmembran fiir den zytoletalen Effekt desn§ adforderlich (5).
Darlberhinaus lasst sich in den Zellen sogar eine Akkumulation ®Br iBherhalb des
Nukleus beobachten (5). Dieser Transportweg ist so effizient, dagsgar gelingt mit Hilfe
von chimeren Proteinen aus StxB1 und DNA-bindenden Proteinen DNA-Fraggezieé in
den Zellkern einzuschleusen (67).

Erstaunlicherweise findet ein Transport der StxB1 bis zu den Nuldech in solchen
Zellen statt, die gegentber der Hemmung der Proteinbiosynthese durchisk&xtremd (68).
Der zugrundeliegende Transportweg, der in humanen Makrophagen vorkonmewaristoch
nicht aufgeklart, aber definitiv. unabhangig vom retrograden Bdsehre des
biosynthetisch/sekretorischen Transportweges Uber das ER (68).r&slevikbar, dass der
Transport innerhalb des Zytosols stattfindet, da eine Anhebung des erdEs@Hs, der fur
die Translokation der Shigatoxine in das Zytosol essentiell ist,Tdensport blockiert (68).
Dies wuirde allerdings die Translokation auch der B-Untereinhegtugsetzen, wie sie von
Nakagawaet al. postuliert wurde (224). In der Tat interagiert StxB1 mit BiRgri im ER
lokalisierten Chaperon, das mit dem retrograden Transport von Protaimas iZytosol in
Verbindung gebracht wurde (68). In permeabilisierten Zellen diffun8ieB auch passiv in
den Nukleus, jedoch erfordert der Transport in nativen Zellen die ganeit von ATP (68).
Nach der Translokation in den Kern bindet StxB1 im Verhaltnis 1:lasmdkledre Protein
B23 (Nukleoplasmin), wobei beide Isoformen (B23.1 und B23.2) gleichermalannerk
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werden (68). B23 stellt ein multifunktionales Protein dar, dass auchuaammensetzen der
Ribosomen beteiligt ist. Durch die Interaktion der StxB1 mit B23 wibglicherweise auch
das Stx-Holotoxin gezielt zu den Nukleoli, dem Bildungsort seir@ekualaren Zielstruktur,
geleitet (68).

Die Inaktivierung von Ribosomen hat den grossten Anteil an der zysoled&tivitat der
Shigatoxine, jedoch besitzt Stx1 auch eine Adenin-spezifische N-Sitidse-Aktivitat far
einzelstrangige DNA (21)n vitro bindet das AFragment an die DNA und gleitet an ihr bis
zur Erkennung der Zielstruktur entlang (21). Obwohl Stx1 selbst KeiAse-Aktivitat
entfaltet, fihrt die Entfernung zahlreicher Adenine zu einer Scmwiy des Zucker-
Phosphat-Ruckrates der DNA und zu Strangbriichen (21), die in Endothelzedi#s bach
der Hemmung der Proteinbiosynthesse durch die ribosomale Wirkui@hagsgoxins 1, aber
mehrere Stunden vor der Induktion von DNAsen des Apoptoseprogramms Zs3ehé),
auftreten (22).

2.3.2 Induktion von Zelltod

2.3.2.1 Folgen der Proteinbiosynthese-Hemmung

Die irreversible Hemmung der Proteinbiosynthese durch Stx futiit mum sofortigen
Untergang der entsprechenden Zelle (290). Obwohl die Proteinbiosymthleschsensitiven
Zellen bereits nach 30 Minuten abnimmt und nach 45 Minuten vollstandigrtsisehmen
die Zellen noch Uber mehrere Stunden markiertes Uridin fur die RjiAhRese auf (25, 267).
Das Polysomenprofil vergifteter Zellen bleibt intakt (267). Dedleh sind noch 90 Minuten
nach Toxinzugabe endozytotisch aktiv und halten tUber 120 Minuten ihren indézel
Kaliumspiegel konstant. In dieser Zeit zerstort Stx also wedeMembranintegritdt noch
beeinflusst es die oxidative Phosphorylierung (25). Erst 4 Stunden nadhnBeer
Toxineinwirkung zeigt die DNA von HelLa-Zellen Anzeichen von Fragmentierung (77).

Die Manifestation der funktionellen und spater auch morphologischemdferungen der
Zellen als Folge der Intoxikation bendtigt mehrere Stunden, in denen zetiéiigaianismen
in Gang gesetzt werden. Elektronenmikroskopisch zeigen sich nadhn@ieS§ im Kern
geschadigter Vero-Zellen scharf umrissene Chromatinmassen (286€)Zytosol weist in
Kernndhe zahlreiche Vakuolen auf. Diese stellen zum Teil LipidtropfchefAkmahintrungen
des Kerns dar, zum Teil handelt es sich um autophagische Vakuaetrdh den Gehalt

membrandsen Materials gekennzeichnet sind (290). Die Hemmung utephagie durch
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spezifische Wirkstoffe schiitzt die Zellen vor Lyse, auch zu eideitpunkt, an dem das
Toxin die Proteinbiosynthese der Zellen bereits zerstort hat (290).

Die morphologischen Veranderungen und der DNA-Abbau sind charaktdridiis
Apoptose (290). Obwohl es sich bei der Apoptose um eine aktive Form ttesé&handelt,
fur den in vielen Zellsystemen eine intakte Proteinbiosyntheseussetzung ist (6), kbnnen
auch verschiedene Inhibitoren der Translation Apoptose auslésen (33ichHdigeise fuhrt
der Mangel an Apoptose Inhibitor-Protein dann zum Ablauf des genetifthgramms und
zum Zelltod (33). So geht der durch Stx1 oder Stx2 in humanen Endothelnelienierten
Apoptose eine deutlich erniedrigte Expression an Mcl-1, einem Bbtglder anti-
apoptotischen Bcl-2-Familie, voraus (65). Die DNA-Fragmentierursg Fallge der Stx-
Wirkung kann zwar nicht in allen Zellsystemen beobachtet werden @mdmdtoffe der
Apoptose konnen die Zellen nicht immer vor Lyse schitzen (290). Die Hegnmen
Proteinbiosynthese durch Stx stellt aber einen wichtigen KofakioddreAuslosung von
Apoptose dar, wenn die Zellen bereits durch einen anderen Stimulubilseedi worden
sind (122). Dieser Stimulus kann dabei durchaus von Stx selbst ausgehenT airddeauch
unabhéngig von ihrer Proteinbiosynthese-inhibierenden Wirkung Apoptose auslosen kénne
(siehe 2.3.2.3. Daruiberhinaus sensibilisiert Stx1 humane Endothelzellen gegeniber LPS-
induzierter Apoptose durch die Hemmung der Expression des anti-apdpntiBroteins
FLIP, eines Kaspase 8-Inhibitors (66).

Lichtmikroskopisch sind an den Zellen Gber 12 Stunden keinerlei morpholegisch
Veranderungen feststellbar (267). Nach diesem Zeitraum exanli sie jedoch ihre
Membranintegritat (267, 290). Die Fahigkeit der Toxine Zelllysenduzieren erlaubt es den
Molekutlen nicht nur solche Zellen zu schéadigen, in denen sie inidaPiteinbiosynthese
inhibieren. Wahrend der Zelllyse und der damit verbundenen Freisetzung ilovhafte
greifen die freigesetzten proteolytischen Enzyme unter Umstdadch Nachbarzellen an

und unterstiitzen damit die Ausbildung eines toxischen Effektes im Gesamtorgaf@86jus

Die Wirkung der Toxine fuhrt nicht immer zur vollstandigen Zerstgrder Zellen. In
weniger empfindlichen Zellen, wie z.B. konfluenten Endothelzellen ohneokiny
Stimulation, wird die Proteinbiosynthese durch das Toxin nur auf 60 %AukERngswertes
reduziert und die Zellen bleiben bis zu 48 Stunden unvermindert vital (287gd& diese
Endothelzellen werden aber beim Menschen als das Hauptziel der Tré&ximgvin vivo
angesehen, so dass in der Pathogenese der Stx-assoziierten Erlaarducigeine subletale

Schadigung dieser Zellen eine Rolle spielen dirfte (237).
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2.3.2.2 direkte Aktivierung des Apoptoseprogramms

Neben der indirekten Aktivierung des Apoptoseprogramms durch Hemmung der
Proteinbiosynthese kdnnen die Shigatoxine auch direkt Apoptose in Zekisen. Es hat
sich gezeigt, dass dabei zwei unterschiedliche Signalwegeesis{336). Der eine Weg
nimmt seinen Ursprung von der Bindung und Kreuzvernetzung def&CIb/ auf der
Zelloberflache (sieh@.3.2.3; Abb. 2.9, wahrend ein anderer Weg die Internalisierung der

enzymatisch aktiven A-Untereinheit in das Zytosol vorauss&hti.(2.8).

Die Depurinierung der 28S rRNA translationell aktiver Ribosomerohd&itxA fuhrt zu
strukturellen Veranderungen in kritischen Regionen der rRNA umngitdau funktionellen
Beeintrachtigungen wahrend der Translation (123). Diese StorungeendMfensichtlich als
Erkennungssignal fir die Aktivierung Stress-aktivierter Pnéieaasen (SAPK/JNK) und
induzieren eine ,ribotoxic stress response” (123). Diese hat die Indulgr Expression
verschiedener Chemokingene (sieR8.3 ebenso zur Folge wie die Aktivierung von
Kaspasen (305). Entsprechend kénnen Inhibitoren der Mitogen-aktiviertemkrase p38
(MAPK38) wie SB202190 und SB203580 Zellen auch vor Stx-induziertem Zealtfoditzen
(118, 305). Obwohl das Ausbleiben entzundlicher Erscheinungen normalerweigeisthes
Merkmal der Apoptose darstellt, sind somit bei der Wirkung der Shigatake Signalwege,
die zur Expression pro-inflammatorischer Gene bzw. zur Apoptose figmgnmiteinander
verbunden (305).

Die molekulare Verbindung zwischen der ,ribotoxic stress respamseder Aktivierung
der Kaspase-Kaskade ist noch nicht aufgeklart (35) scheint jedacthisvon CD95 als auch
von TNF-Rezeptoren unabhangig zu sein (156, 172). Von zentraler Beddtitumie
Auslosung der Apoptose ist in Burkitts Lymphomzellen (336), Hep2-ZeB8hynd Hela-
Zellen (77) die Aktivierung der Kaspase 8. Aktivierte Kasp@sgpaltet und aktiviert die
zentrale Effektor-Kaspase 3 (77, 156, 336). Kaspase 3 ihrerseitst spavohl den nukleéren
Faktor ,Acinus” (275) als auch Kaspase 6 (77, 164), die wiederum Lamspaiet und
aktiviert (329). Daruberhinaus scheint ein positiver Ruckkoppelungsmeaohnszs zu
existieren, bei dem Kaspase 6 direkt Kaspase 8 aktiviert (12 AKdivierung von ,Acinus”
und Lamin A fuhrt zur Kondensation des Chromatins (275) und der Zerstérumngetaen
Struktur des Zellkerns (329). Ausserdem inaktiviert die Kaspasav8hé einen Inhibitor
Kaspase-abhangiger DNAsen (CAD) (77) als auch die poly(ADP-Bjdeslymerase PARP
(35), ein DNA-Reparaturenzym. Die Aktivierung der CAD bei glegitiger Hemmung von
DNA-Reparaturenzymen resultiert in der Fragmentierung dek Ddtch internukleosomale
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Spaltung. Zusatzlich treten vermehrt Strangbriiche als Folge DRigpurinierung
einzelstrangiger DNA auf, die von der StxA direkt im Zellkkatalysiert wird (21). Durch
Behandlung von Zellen mit Curcumin, das die Expression von Hitzeschockpkpt70
auslost, kann die DNA-Fragmentierung verhindert und die Zellen vor der zytal&tatkung
der Shigatoxine geschitzt werden (308).

In THP-1-Zellen kann nach Einwirkung von Stx auch eine Aktivierung von lsaspa
und 10 (164), in Burkitts Lymphomzellen auch eine Aktivierung von Kaspase 7 (156)
beobachtet werden, jedoch ist die Bedeutung dieser Kaspasen noch unklar.

Bei der Induktion von Apoptose durch die Stx-Holotoxine hat die Aktivierdeg
Kaspase 8-abhéngigen Signalweges in Burkitts Lymphomzellerrd@istg Bedeutung (336).
Allerdings spaltet in Stx-behandelten HeLa- und Hep2-Zellen dap&se 8 auch BID, ein
proapoptotisch wirkendes Mitglied der, in der ausseren Mitochondrienbkéentokalisierten
Familie der Bcl-2-Faktoren (35, 77). Aktiviertes BID (gespalse@é&uncated”) BID, tBID)
unterstitzt die Oligomerisierung der proapoptotischen Proteine Wak Bak. Die
resultierende Erhohung in der Permeabilitatt der Mitochondrienmembrsst das
Membranpotential zusammenbrechen und Zytochrom C in das Zytosol ausfréte
Zytosolisches Zytochrom C komplexiert mit Apaf-1 (,apoptotic paegeactivating factor)
und aktiviert Kaspase 9 (35, 77, 80, 164). Die Aktivierung von Kaspase 9 vedigdkirch
Kaspase 8 direkt induzierte Spaltung und Aktivierung von Kaspase 3 (77, 164).

Interessanterweise findet sich in der Polypeptidkette dent#&+ginheit des Shigatoxins 2
ein Sequenzmotiv (NWGRI, Aminosaurereste 223-227) mit Homologie HrBomane des
antiapoptotischen Bcl-2 (322). Diese Doméne ist fur die antiapop#gtigdéirkung des Bcl-2
unabdingbar und dient normalerweise zur Interaktion mit anderen Bolkilen bzw. mit
Bax und Bak. Uber die BH1-homologe Doméne kann sich StxA2 nach Transtokatiden
Mitochondrien mit Bcl-2 zu Komplexen verbinden, Bax und Bak verdrangen und dadurch
ebenfalls deren Oligomerisierung induzieren (322). Obwohl auch in &bd Sequenz
(NWGRL, Aminosaurereste 234-230) mit grosser Ahnlichkeit zur Bcli21-Bomane
existiert, interagiert nur Stx2, nicht aber Stx1, mit Bcl-2 (R@GRI in vitro undin vivo
(322). Dies konnte erklaren, warum dem mitochondrialen Signalweg, der iAktivierung
von Kaspase 9 mundet, bei der Wirkung des Shigatoxins 1 auf Burkitgshioynzellen keine
Bedeutung zukommt (156). Entsprechend schitzt die ektope Expression voinRik2en
Zellen zwar vor GPCD77-vermittelter Apoptose durch StxB1 (si¢h8.2.3, nicht aber vor

der Wirkung des entsprechenden Holotoxins (90).
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Auch oxidativer Stress durch einen intrazellularen Anstieg ixeaktSauerstoff-
Metaboliten (ROS) kann zu einer Permeabilitatserh6hung der Mitockonagimbran fiihren
(80). Bei der Intoxikation von Zellen durch Stx kann dieser Stress aas w@rminderten
Expression zellularer Katalase resultieren (118, 202). Zusatzlichhrer Wirkung auf
Mitochondrien verursachen die ROS eine Erhohung der Konzentration zstbgoliNADSs
und o6ffnen dadurch an der Zellmembran NAD-aktivierte " @®anale (109). Der
unkontrollierte Einstrom von C&lonen in Stx-behandelte Zellen bewirkt die
Phosphorylierung der Mitogen-aktivierten Proteinkinase p38 (MAPKp38) (1d&jurch
eine positive Ruckkoppelung zur Aktivierung der ,ribotoxic stress respoeststeht.
Zumindest in bestimmten Zellsystemen scheint déi-Emstrom eine essentielle Rolle zu
spielen, da Cd-Kanalblocker wie Verapamil Vero- und Hela-Zellen vor derolgtalen

Wirkung der Shigatoxine schitzen kénnen (282).

35



2. Schrifttum

Stx-Holotoxin: @
Gb,/CD77: é

—— Verapamil

Zellmembran CatInflux NAD-aktivierte

Ca**-Kanéle
Rezeptor-vermittelte Endozytose
frihe Anstieg
Endosomen SB202190 intrazellularen
SB203580 Ca*
Jrbotoxic stress
Trans- response* = o _
Golgiapparat b T -
/’ L MAPKp38 NAD
, .
’
, 0
’
4 ?? .

Aktiviery

’
s .
29 G Ribosomen
» 285 rRN,
Kaspase 2 Depurinierung Katalasemangel \

R ROS/
tBID \—
v »
Kaspase 8 / 7)m—
Bax & Bak-
Oligomerisierung /A—
\ |

y
Depolarisierung
Kaspase 3 des —
/ x\\ Membranpotentials
StxA2-Bindung /|
Kaspase 6 an Bcl-2

Lamin A- .
Kaspase 9 Anstieg des
;I StxA, LAcinus-

Aktivierun
9 zytosolischen
\ Spaltung

PARP-
Inaktivierung

Zytochrom C

CAD-
Aktivierung

SSDNA- ‘\
Depurinierung
Apaf-1
l Hsp70
DNA- Chromatin- DNA-Spaltung \ Mitochondrien
Strangbriiche Kondensation -
Curcumin

Nukleus

Abb. 2.8: Modell der Aktivierung intrazellularer Signalwege und der Auslosung von Apoptose

durch Stx-Holotoxine (Details siehe Text)

36



2. Schrifttum

(o)
D X Q) StxB-Untereinheit(en): . O
—— EGTA BB B en): § Gby/CD77:8 § 8 Q
000 000 000 0 0O O 0
Sphingomyelin
. Gb,/CD77- 4
Ca'*-Einstrome—— o & | Zell-
uzvernetzung membran Rezpptor-
l Sphingo- —_— vernpittelte
Y myelinase Enddzytose
Anstieg Aktivierung
intrazellularen v des BCR- \
Ca™ Aktivierung Signalweges
der Zeramid- (ves, lyn, syk) Cholin
synthetase
cAMP {
Verstéarkung
i?? der Holotoxin-
i induzierten
Protein- Apoptose
kinase A :
P97 i
P zytosolisches
Zeramid
v
Zeramidglukosyl-
ROS transferase
N\ Glukosyl-
zeramid
I
Laktosylzeramid-
I synthetase
Depolarisierung Gb;-Synthetase
— des y v i
Membranpotentials ‘~.“ Laktosyl-
zeramid (@)
Kaspase 8 0] o
— SxB
\ Kaspase 1
— Kaspase 3
Anstieg des o
zytosolischen So
Cytochrom C S
I
Kaspase 9 N
e > DNA-Spaltung
Chromatin-
Apaf-1 Kondensation

Mitochondrien

Nukleus
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2.3.2.3 Aktivierung von Gly/CD77-abhangigen Signalwegen

Eine Reihe von Tumorzelllinien ist resistent gegentber einer Apopthstion durch die
isolierte B-Untereinheit der Shigatoxine (77, 164, 359). Dagegen lostlgor bei Burkitts
Lymphomzellen (144, 197, 326, 336), aber auch bei der humanen Nierentubukiszellli
ACHN (144, 145), die Kreuzvernetzung von {&D77 auf der Zelloberflache durch einen
gegen CD77 gerichteten Antikorper oder durch die Bindung der StxB \edlscla
intrazellulare Signale aus, die den Prozess der Apoptose initiieren.

In diesen sensitiven Zellen ist ¢¢BD77 in lipid rafts” in rAumlicher Nahe zu den Src-
Kinasen Yes und Lyn sowie Syk lokalisiert (144, 145, 216). Bei Einwirkung womw&den
binnen zehn Minuten die Tyrosinreste der in den ,rafts® vorhandenen irférote
hyperphosphoryliert. Dabei I6st die Bindung von Stx ag/@GD77 initial eine Anreicherung
von Yes und Lyn in den ,lipid rafts“ aus. Nach Aktivierung entferneh &es und Lyn aus
den lipid rafts®, bleiben aber mit der Zellmembran assoziiemtd folgen nicht der
Internalisierung der Stx-GICD77-Komplexe (144, 145). In B-Zellen wie Burkitts
Lymphomzellen ist die Apoptose-auslosende, vorny/@b77 ausgehende Signalkaskade
somit eng mit der des B-Zell-Rezeptors verknupft (216). Die Aktivigrder Signalkaskade
durch die oberflachliche Bindung der Shigatoxine verstarkt die Apopthsdion, die durch
die zytosolischen Wirkungen des Stx-Holotoxins ausgelost wird (144).

Bereits 30 Sekunden nach Kreuzvernetzung vog/CR¥7 lasst sich ausserdem ein
massiver Einstrom von extrazellularen*Glonen feststellen, der nach 120 Sekunden sein
Maximum erreicht und dem innerhalb weniger Minuten eine Erhdhung dezdlhiaiéren
cAMP-Konzentration und die Aktivierung der Proteinkinase A nachfolgt (326).

Nach 30 Minuten steigt der Gehalt der Zellen an zytosolischerandd an, dessen
Ursprung derzeit noch unklar ist (326). Obwohl Agonisten wie TiNBeder IL-13 die
Freisetzung von Zeramid aus Sphingomyelin durch Aktivierung einer endogene
Sphingomyelinase induzieren kénnen, I6sen uropathogemweli, die mit ihren P-Fimbrien
ebenfalls an G¥CD77 binden kdnnen, in Epithelzellen (A498) nur eine geringgradige
Aktivitatssteigerung der Sphingomyelinase und keine messbare Sptyatnhydrolyse aus
(106). Auch in Stx-behandelten Burkitts Lymphomzellen geht der Anstigosolischen
Zeramids nicht mit einer Abnahme des Sphingomyelins einher (326)udader zellulare
Gehalt an Gp konstant bleibt, scheidet auch ein Abbau des Stx-Rezeptors nach

Ligandenbindung als Quelle aus (326). Die Ursache flr den Anstiegetamidgehaltes
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konnte in der Aktivierung der Zeramid-Synthetase liegen, wie el i&imulation von
bovinenydT-Zellen Giber das WC1-Antigen beobachtet werden konnte (154).

Zytosolisches Zeramid ist Teil eines Signalweges, der insbhasodgmptose auslost,
aber auch das Wachstum und die Differenzierung von Zellen modulierded&ekretion
von Zytokinen stimuliert (106). Somit kdnnte hier eine weitere Quieivéung zwischen der
Stx-induzierten Apoptose und der Expression von Mediatoren des Immanssyststehen.
Ein erhohter intrazellularer Zeramidspiegel, wie er durch Behagdtn einer bakteriellen
Sphingomyelinase in humanen Endothelzellen herbeigefuhrt werden kann, rincize
vermehrte Expression von Enzymen desz/GD77-Syntheseweges und eine vermehrte
Synthese und oberflachliche Expression von 3/GD77 (240). Da daraus eine
Sensibilisierung der Zellen gegentber Stx resultiert (240), ideekbar, dass zumindest in
entsprechend sensitiven Zellen die Bindung bereits weniger SlekiMle an GpCD77
ausreicht, um im Sinne eines positiven Regelkreises die Rezeptorexpressistéakemiund
der Aufnahme grésserer Toxinmengen durch die Zellen Vorschub mnleiSne vermehrte
Synthese von GICD77 fuhrt auch zu einer Zunahme einer Synthesevorstufe désSizty,
des Laktosylzeramids, in den Zellen (240).

Zeramid und Laktosylzeramid ist gemeinsam, dass sie an devchditdrien die
vermehrte Generierung von ROS ausldsen kénnen (4, 80). Dies aktiviartiehondrialen
Signalweg der Apoptoseauslosung, der bei der Aktivierung degCDBbB/7-abhangigen
Signalweges im Vordergrund steht (90, 336). Allerdings kann nach Kmegtzeng von
Ghy/CD77 auf Burkitts Lymphomzellen auch eine Aktivierung von Kaspase 8 Haebac
werden (156). Der zugrundeliegende Mechanismus ist nicht bekannt, jedathde
Aktivierung der Kaspase 8, dass es auch uUbefGRlY7 zu einer gewissen Aktivierung des
extrinsischen, Kaspase-abhangigen Apoptoseweges kommt. Interessaetekamn auch
StxB1, obwohl es selbst keine proteolytische Aktivitat besitzt, dédizeeller Expression
innerhalb eukaryontischer Zellen die Aktivierung von Kaspase d 3inauslésen und

Apoptose einleiten (224).

2.3.3 ,ribotoxic stress response” und Induktion der Expression joteinartiger
Mediatoren
Die durch die Depurinierung der 28S rRNA induzierte ,ribotoxiesst response” (123)
ist nicht spezifisch fur StxA, da sie auch durch andere Toxine, die wie Rizio¢mzin die

Haarnadelstruktur der rRNA zwischen Position 4320-4329 modifizieren, lassgeird
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(123). Sind die Ribosomen zum Zeitpunkt der Toxineinwirkung biochemisch aktiv,
resultieren die strukturellen Veranderungen im Peptidyltrangfetastrum der Ribosomen
moglicherweise in einer Aktivierung kleiner GTP-bindender Preteiie ihrerseits eine
Proteinkinase-Kaskade aktivieren, die iber MEKK1 und SEK1/MKK4 in #érigrung der
stress-aktivierten Proteinkinasen SAPK/JNK1 minden (123). Die Depurinierurighd& an
Position A4324 ist bereits 15 min nach Zugabe von Rizin A zu Zelldmweasbar (123). Ihr
folgt nach 30 min eine Uber Stunden anhaltende Phosphorylierung von SEK1/MiK4
Aktivierung von SAPK/JNK1 (123). Die Aktivierung dieser Kaskade istohéagig von der
Hemmung der Proteinbiosynthese und findet auch unter Bedingungen stattjamde die
Proteintranslation nur geringgradig beeinflusst wird (123). Dies erkhdtum die Zellen
trotz der Einwirkung von Rizin oder Stx noch in der Lage sind mareaileutlich gesteigerten
Transkription der ,immediate early“-Gerefos und c-jun zu reagieren, die nach 60 min
apparent wird (123, 305, 337). In manchen Zellen scheint die vermehntgkiiipion vonc-
fosundc-jun auch Folge der Aktivierung der MAPKp38 zu sein (28, 305, 337). Die durch Stx
induziertec-jun Transkription zieht einen erhéhten Gehalt der Zellen an c-JuaHPnodch
sich, das dann auch verstarkt in der phosphorylierten Form vorliegt (1@&gskdnterweise
korreliert der Anstieg phosphorylierten c-Juns mit der gleicigzegrstarkten Expression von
mpk-1(,mitogen-activated protein kinase phosphatase 1“), obwohl diese Prasplatvohl
JNK als auch MAPKp38 inaktivieren kann (163).

Zusétzlich zur Induktion der SAPK/IJNK1- und MAPKp38-Signalwege starulbtx
auch eine Proteinkinase C- (PKC-) Aktivitat, jedoch ist noch nichthdibssend geklart um
welche der verschiedenen PKC-Isoformen es sich dabei h@adelAllerdings kann in Stx-
behandelten humanen Monozyten auch eine erhthte Aktivitdt von Kinasen nigsegew
werden, die sich im Signalweg stromabwaérts von atypischen IsofodereRKC befinden
und durch extrazellulare Signale reguliert werden (,extraeellsignal-regulated kinases®;
ERK) (29). Dies lasst vermuten, dass die Stx-induzierte PKC-Adttiwon atypischen
Isoformen der PKC ausgeht, die zur Aktivierung weder Kalzium nocldé.ipendtigen und
z.B. an der Signaltransduktion bei LPS beteiligt sind (74). Die Inealwg dieses
Signalweges wie auch die Tatsache, dass eine Stx-abhangigerkigy von SAPK/JNK1
und MAPKp38 auch in humanen Monozyten beobachtet werden kann (28), konnte darauf
hindeuten, dass die Shigatoxine die Expression proteinartiger Mediatecbnunabhangig
von ihrer ribotoxischen Wirkung induzieren kénnen. Dafir spricht auch, dassigtieg der
intrazellularen Zeramid-Konzentration, wie er von Stx1 unabhangig voerdsgmatischen
Wirkung durch die Bindung an GIED77 erzeugt werden kann (326), bereits mit einer
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vermehrten Zytokin-Genexpression in Verbindung gebracht wurde (106). Aechvodi
Nakagawaet al. (224) beschriebene Induktion von Kaspase 1 durch intrazytoplasmatische
Expression von StxB1 fuhrt zu einer vermehrten Synthese voig lurtl TNFa. Gegen
diese Vermutung spricht jedoch, dass mehrere Untersuchungen gebeigt thass isolierte
B-Untereinheiten der Shigatoxine oder enzymatisch inaktive Holotozkugen keine
Genexpression induzieren kdénnen (104, 163, 277, 305, 365, 366).

Unklar ist bislang, ob der Aktivierung der Expression von Mediat@enen neben der
Induktion der Transkriptionsaktivatorenjun und c-fos durch Stx auch eine Translokation
des Transkriptionsaktivators N€B zugrunde liegt. NkB-Bindungsstellen finden sich in
den Promotorregionen vieler pro-inflammatorischer Gene. Setkiad. (277) zeigten in der
Tat, dass in THP-1-Zellen, einer humanen monozytaren Zelllinie, naghrEing von Stx1
erhohten Konzentrationen von TMFspezifischer mRNA die nukleéare Translokation von
NF-kB und AP-1 (,activator protein-1“) ebenso vorausgeht wie die Degoeddes NF«B-
Inhibitors kBa. Auch in ACHN-Zellen induziert Stx2 eine vermehttd-a-Transkription
Uber eine Aktivierung der cAMP-abhangigen Proteinkinase A, MAPKp38\H&B (225).

In Vero- bzw. T84-Zellen kénnen diese Effekte durch gereinigtes&j&gen nicht ausgelost
werden, sondern nur in Verbindung mit einem anderen, nicht identifizieaieor (28) bzw.
nach Infektion der Zellen mit einem STEC-Stamm (45). Vermutlichk wie Translokation
von NFkB im Verlaufe der STEC-Infektion Gberwiegend durch Flagellin (desr ,Toll-
like“-Rezeptor 5 verursacht, detx und eaenegativeE. colirStamme diesen Effekt nicht,
gereinigtes Flagellin dagegen schon hervorrufen kann (13).

Als Folge der Toxineinwirkung auf die Ribosomen steigt in vieletisystemen der
intrazellulare Gehalt an mRNA an, die spezifisch fur primArgwortgene (,primary
response genes®) ist. Die Induktion dieser Gene ist refrakt@&ngbgr einer translationalen
Blockade. Shigatoxine verstarken insbesondere die mMRNA-Induktion durch andere
Agonisten, ein Phdnomen, das als Superinduktion bezeichnet wird (104, 338). Omhseykl a
Inhibitoren der Proteinbiosynthese wie Cycloheximid den zellularémlGan bestimmten
MRNA-Spezies sowohl durch Steigerung der Aktivitat transkriptionAkéivatoren als auch
durch Stabilisierung der mRNA erhdhen, scheint bei Stx dengéstabnten Mechanismus
die erheblich grossere Bedeutung zuzukommen (338). Trotz Einsetzeroti#ndynthese-
Hemmung bereits nach wenigen Stunden fiihrt die erh6hte Gesamtmerspezéischer
MRNA auch zu einer verstarkten Neusynthese der kodierten Pradéneach 12 Stunden
messbar wird und bis zu 24 Stunden anhalt (338). Dabei ist die Starladlgdameinen
Proteinsynthese-Hemmung in den Zellen sogar negativ mit der |dransaktivitat fur
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bestimmte Proteine korreliert (337). Allerdings steht einersmes Steigerung der mRNA-
Menge oft eine nur erheblich geringere Zunahme des entsprecheratemd?gegeniber
(103, 337, 365). Dies wird als Auswirkung des partiellen Translationsbint&spretiert
(337, 365). Welche Mediatoren von Stx-behandelten Zellen verstarkimesgpr und
sezerniert werden, hangt von der Art und Herkunft der Zelle ab und iBabelle 2.3

zusammengefasst.

2.3.4 Induktion der Synthese von Arachidonsaure-Metaboliten

Die Entdeckung von Zhargg al. (370), dass sich die Stx-induzierte THNFEXpression in
humanen Monozyten durch Behandlung der Zellen mit einem synthetischeroatag des
Plattchen-aktivierenden Faktors PAF hemmen lasst, kdnnte darauf leimddass noch ein
weiterer Stx-induzierter Signalweg existiert. Tatsathliihrt die Behandlung von
Monozyten mit PAF in Verbindung mit LPS zu einer Aktivierung deratid-Synthetase
und einer Steigerung des intrazellularen Zeramidspiegels (®tetes kann auch nach
Einwirkung von Stx auf Burkitts-Lymphomzellen beobachtet werden, auch wenrdiei
Quelle des Zeramids noch unbekannt ist (326). Allerdings kann auch dmgeBelnheit des
Choleratoxins die zellulare Synthese von Arachodinsédure-Metabdigigers (251), so dass
ein von Glykolipid-Rezeptoren in ,lipid rafts* ausgehendes Signaldfér Steigerung des
Zeramidspiegels verantwortlich sein konnte. Ein erhohter Zeramidgshaiuliert die
sekretorische Phospholipase BPLAy) (8), deren Transkription und Translation zusammen
mit der der zytosolischen PLACPLA) durch Stx1 auch in primaren humanen glomerularen
Epithelzellen induziert wird (291). In der Folge steigt die Produktion Ax@achidonséure,
was in Verbindung mit einer Aktivitatssteigerung der Cyclooggen in einer vermehrten
Synthese von Prostacyclin (R§lund Thromboxan A (TxA;) resultiert (291). Freie
Arachidonsaure-Metaboliten kdnnen u.a. Proteinkinase C und MAPK aktiviaceiber die
Modifikation der Gentranskription entziindliche Reaktionen hervorrufen. Da @I TxA
aber zum Teil gegenteilige Effekte hervorrufen, ist die Bedeutiieger Mediatoren bei der
Wirkung der Shigatoxine noch ungeklart (291). Tatsachlich wird die Stx1-erteif-a-
Expression in humanen Monozyten zwar von einer vermehrten SyntheBeod&sglandins
E, (PGE) begleitet, die Superinduktion von P&diuirch Anisodamin hemmt jedoch die Stx1-

induziertetnf-a-Expression (371).
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Tabelle 2.3: Ubersicht tiber die durch Shigatoxine oder deren Unteneheiten induzierten Zytokine und Chemokine

Zellart /-linie Spezies Toxin Induktion von Referenz
mRNA* Protein
Intestinale Epithelzellen
Hct-8 Mensch  Stx1 IL-8, GRO-0, GROf, GROy, ENA-78 IL-8, GRO«a (338)
Stx1+2  IL-8 IL-8 (337)
Caco-2 Mensch  Stx1+2 [L-8, MCP-1, MIP-Xn, MIP-1B8, TNF-a  IL-8 (365)

Renale Epithelzellen
Glomerula, primar Mensch  Stx1 IL-1, IL-6, TNF-a IL-1, IL-6, TNF-a (113)

Tubulus, priméar Mensch  Stx1 IL-1, IL-6, TNF-a IL-1, TNF-a (114)

Endothelzellen
Gehirn~, priméar Mensch  Stx1 IL-1(3, IL-, 6, TNFa IL-6, IL-8 (62)
Aorta~, primar Rind Stx1 (+2) Preproendothelin-1 Endothelin a7)

Fibrozyten /-blasten
NIH3T3 Maus StxB1 IL-13, TNF< IL-13, TNF< (224)

Legende: ' Die Diskrepanz zwischen den Angaben zur mRNA- und Proteininduktion berultRedel darauf, dass in vielen der zitierten Publikationen

nicht alle der Mediatoren auf mMRNA-Ebene und auf Proteinebene quarttifizeten.



Tabelle 2.3: Fortsetzung

Zellart /-linie Spezies Toxin Induktion von Referenz
mRNA* Protein’
Monozyten/Makrophagen-artige
THP-1, differenziert Mensch Stx1+2 TNF-a TNF-a (74)
THP-1, differenziert Mensch  Stx1 IL-1B3, TNFa IL-13 (104)
THP-1, differenziert Mensch  Stx1 IL-8, MIP-1a, MIP-18, GRO4, IL-1B, IL-8, MIP-1a, MIP-13, (103)
TNF-a GRO«
THP-1, differenziert Mensch  Stx1 TNF-a (363)
THP-1, undifferenziert Mensch  Stx1 IL-13, TNF-a (265)
THP-1 Mensch  Stx1 TNF-a TNF-a (277)
Blut~, primar Mensch  Stx1 + 2 GM-CSF, TNFa (29)
Blut~, primér Mensch  Stx1+2 |[L-8, IL-1B, TNFx IL-8, IL-1B, TNFa (370, 371)
Blut~, primar Mensch  Stx1 IL-1B, TNF-a (265)
Blut~, primar, non-adhéarent Mensch  Stx1 IL-6 IL-8, IL-1B, IL-6, TNF-a (343)
Peritonealexsudat~ Maus Stx2 TNF-a (20)
Peritonealexsudat~ Maus Stx1 + 2 TNF-a IL-1a, IL-6, TNF-a (335)
Mesangiumzellen, primar Mensch  Stx1 MCP-1 (302)
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2.4 Shigatoxin-bildendeEscherichia coli als humanpathogene Erreger

Bestimmte STEC-Stamme, die auch als enterohamorrhadisawi (EHEC) bezeichnet
werden, l6ésen beim Menschen hamorrhagische Kolitiden (HC) aus, idie zu
lebensbedrohlichen Erkrankungen wie dem H&amolytisch-Uramischemdr@y (HUS)
entwickeln kdnnen (140). Die Erkrankungen nehmen ihren Ausgang von der enterale
Besiedelung und Vermehrung der Erreger. Auch bei systemischerifebtationen im
Rahmen der Erkrankungen konnten die Keime extraintestinal nicht naelgawwerden
(203). Vielmehr kommt den Shigatoxinen eine zentrale Rolle in d&iogenese zu. Dabei
wird derzeit von folgendem Modell ausgegangen (102, 259):

Viele STEC verfiigen neben dem Stx-Bildungsvermdgen uber gen&shaft die enterale
Mukosa unter Ausbildung von ,attaching and effacing“-Lasionen zu besied@kse
Veranderungen entstehen primar unabhéngig von der Wirkung der Singatbx0). Bei der
enteralen Besiedlung und Vermehrung werden die Shigatoxine jedoch madkedeen in
grossen Mengen produziert und freigesetzt (271), was vermutlich die LdsienBarmwand
weiter verstarkt. Das histologische Bild der Darmschéadigunghbeienders das Zadkum und
Kolon betrifft, ist gekennzeichnet durch eine fokale, sehr enge Anheftung deri@akterdie
Epithelzellen der Zottenspitzen. Die Mikrovilli des Birstensasimd verdickt, miteinander
verbunden oder vollstandig verstrichen. Unter der AnheftungsstellBaleerien befinden
sich intrazellular massive Aggregate von Zytoskelettkomponenten. r&gelmassige
Zellanordnung ist gestort, stellenweise kommt es zur Ulpergtl70). Der Verlust reifer
Epithelzellen wird z.T. durch unreife Epithelien ausgeglichen. InSidimukosa ist eine
Fibrinexsudation und/oder Hamorrhagie festzustellen. Haufig findét esite neutrophile
Infiltration der geschadigten Darmwand (20, 101, 147, 269).

Durch die vorgeschadigte Epithelzellschicht (253), die Transtirograon Granulozyten
(117) und aufgrund aktiver, GIED77-unabhangiger Transportvorgange (2, 116, 252) gelangt
Stx in das subepitheliale Gewebe der Darmwand (2). Hier lostires thrombotische
Mikroangiopathie der Kapillaren und Arteriolen aus. Die Schwelluag Ehdothelzellen,
verbunden mit einer Aufweitung des Subendothelialraumes, geht mit\émengung des
Gefasslumens einher. Dieses ist haufig durch Thromben verschlosgen. dfe glatten
Muskelzellen deiTunica mediasind von einer Nekrose betroffen. Die Gefassumgebung ist
durch Odematisierung und/oder Hamorrhagie gekennzeichnet (269). Dikadigbingen

werden fur den hamorrhagischen Charakter der HC verantwortlich gemacht
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Uber die Blutbahn wird das Toxin, gebunden an Erythrozyten (16) odeulGzsten
(332), in den gesamten Organismus transportiert. Gleichzeitigudtt eine Endotoxamie auf
(166). In der Folge kommt es zur Ausbildung von Organschaden ausserhalbages-M
Darm-Traktes. Von einer direkten Schadigung durch die Shigatoxinevemallem die
Endothelzellen der Niere und des Gehirns betroffen (269). In der Fadtpt bich an den
Kapillaren der entsprechenden Organe eine Mikroangiopathie aas siei fur die
Darmwandkapillaren beschrieben wurde (269). Diese Mikroangiopathierkbewine
Odematisierung und Hamorrhagie des betroffenen Organs sowie ischérSchaden. Dies
hat beim HUS in der Niere die Nekrose von Glomerula und Tubuli zur Folge (19, 167, 269).

Neben der direkten Schadigung von Endothelzellen durch die Shigatoxinesgioich
Hinweise auf eine direkte Wirkung auf Nerven- und Immunzellen (40, 358).

2.5 Shigatoxin-bildendeEscherichia coli beim Rind

Rinder sind das Reservoir fur STEC bzw. EHEC (219). Der Menschdenvor allem
durch die orale Aufnahme von mit Rinderkot verunreinigten Nahrungsmiitdizieren
(219). Da es keine spezifische Therapie fur das EHEC-bedingteddt)$lenschen gibt, hat
die Verhinderung der Infektion grosste Prioritat. Eine Expositiappilaxe ist aber
schwierig, da weltweit bis zu 82 % der Rinder STEC mit dem Kisseéheiden (85, 219).
Rinder infizieren sich schon im Kalberalter durch geringstektironsdosen (15). Nach
initialer Vermehrung im Zakum und Kolon kommt es zur Etablierungrepersistierenden
Infektion mit monatelangem Ausscheidertum (91). Wahrend sich atbe besonders
humanpathogen geltenden Stamme des Serovars 0157:H7 bevorzugt Uber den
Lymphfollikeln (228) und auf dem Plattenepithel (256) in der rekto-andi@ergangszone
absiedeln, kolonisieren STEC anderer Serovare gleichméassigattig@abmschleimhaut (228).
In Zeiten niedriger Exposition (Weideperiode) kann zwar die Ausschesdateg
voribergehend unterhalb der Nachweisgrenze fir die Bakteriem l{@$®), jedoch kann
derselbe STEC-Klon Uber lange Zeitraume innerhalb einer Herdgewiglsen werden (85,
175). Obwonhl die STEC bei Kalbern langer ausgeschieden werden aldutien Tieren (44)
und bei letzteren Stx-spezifische Antikdrper nachgewiesen wéxd@enen (255), schitzt eine

vorherige Infektion nicht vor Reinfektion mit dem gleichen STEC-Stamm (44).
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3. VORARBEITEN UND ZIELSETZUNG

3.1 Hemmung der Transformation und Proliferation boviner
Lymphozyten durch Shigatoxinl

Obwohl persistent infizierte Wiederkauer seit geraumer agitlas wichtigste Reservoir
fur STEC angesehen werden (219), war lange unbekannt, ob den oShigat eine
Bedeutung als Pathogenitatsmerkmal auch bei STEC-Infektionen von iRimgérSchafen
zukommt. Epidemiologische Untersuchungen (354) und experimentellgidmen (31, 47)
weisen zwar darauf hin, dass STEC bei Kalbern blutige Durché@igdbsen kdnnen, die
Pathogenitat wird jedoch anderen bakteriellen Faktoren zugelsehri (134, 220). Bei HC
und HUS des Menschen und der Odemkrankheit der Schweine steht eierritkelte
Schadigung von Endothelzellen im Zentrum der Pathogenese (259, 269, 341)hieas/6e
Stx-Rezeptoren auf bovinen Endothelien, zumindest im Bereich der rkl&efisse in der
Darmwand, fuhrte zu der Vermutung, dass Rinder resistent gegenuber Stx sein konnten (260)

Allerdings stellen Zellen des Immunsystems ebenfalls vgehHielzellen fir Stx dar.
Beim Menschen sind vor allem IgG- und IgA-bildende B-Zellen hochgrsehgibel fur die
zytoletale Wirkung des Shigatoxins 1 (40, 197). Auch Infektionen gnoisthetr Ferkel mit
Stx1-bildenderk. coli (STEC1) l6sen eine Immunsuppression aus (36). Dieser lymphotropen
Wirkung der Shigatoxine wird eine Bedeutung in der Pathogenese BidEGerter
Erkrankungen zugeschrieben (40). Jedoch verhindert die Immunsuppressiostigngtht
die Bildung Stx-spezifischer Antikorper. So wiesen Widenl. Stx2e-spezifisches 1gG bei
an Odemkrankheit erkrankten Schweinen nach (355) und Reyet@id268) zeigten, dass
selbst beim Menschen Stx-spezifische Antikdrper im Serum auftreten konnen.

Seren und Kolostren von Kihen enthalten haufig neutralisierende Antilgggen Stx1
und zum Teil auch gegen Stx2 (137, 255). Rinder sind somit nicht nur haufi§gTiBaC
infiziert, sondern die Keime sind auch in der Lage unter den Bewgsn im Darm des
Rindes Stx zu bilden. Dieses intestinale Stx wirkt offensidhtiaf bovine Lymphozyten
nicht nur als Antigen. In eigenen, orientierenden Untersuchungen inéuz#mitats-
chromatographisch gereinigtes Stx1 bei Zellen einer bovinenBmiinem Leukosevirus
(BLV) -infizierten B-Lymphomzelllinie (BL-3) Apoptose, wenn dielléa durch Inkubation
mit B-Zell-Mitogenen sensibilisiert wurden (207). Unstimulierte oohétr T-Zell-Mitogenen
inkubierte Zellen waren dagegen resistent gegenuber Stx1 (207).sdéhewi konnte die
Arbeitsgruppe von Carolyn Hovde, Moscow, ldaho, USA zeigen, dass diedetagto
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Aktivitat der Shigatoxine die Permeabilisierung der Zellmemlatan Zielzellen durch die
Replikation von BLV voraussetzt (12, 71). Auf diese Weise sollen digaghine gezielt
virus-infizierte Zellen eliminieren (70). Allerdings ergaben agé&ntersuchungen, dass das
Wirkungspektrum des Shigatoxins 1 bei bovinen Lymphozyten mehr atBenWirkung auf
virus-infizierte B-Zellen umfasst. Bei Primarkulturen bovinerMB (mononuklearer Zellen
aus dem peripheren Blut adulter, leukosefreier Rinder) l6ste Stad vweder Nekrose noch
Apoptose aus, Stx1l blockierte aber bereits im Nanogramm-Konzentbeierth den
Mitogen-induzierten Anstieg der metabolischen Aktivitat diesdled€207). Dabei hing die
Wirkung des Shigatoxins 1 auf bestimmte Lymphozyten-Subpopulationen wieder
massgeblich von einer adaquaten Stimulation der Zellen ab. Wahrend uliestem
Lymphozyten resistent gegeniber Stx1 waren, fiuhrte die Stimulatioreinem T-Zell-
Mitogen (PHA-P) zur Transformation und Proliferation insbesondereCia™ T-Zellen
und diese Wirkung wurde durch Stx1 blockiert. Unter Stimulation mit IBMiogenen
reduzierte Stx1 dagegen den Anteil lebender B-Zellen. Die Modunlaker Expression von
Aktivierungsmarkern (CD25, CD71) durch Stxl deutete an, dass Stx1 diger@tmn
verhinderte, indem es den Aktivierungsprozess der Zellen in #iifleen Phase blockierte
(Abb. 3.1). Auch Rinder sind somit nicht als resistent gegentber der Wirli@sgs potenten
Zytotoxins anzusehen. Der Wirkung von Stx auf bovine B- und auch T-Lymphdaytaie
vielmehr eine entscheidende Bedeutung in der Wechselwirkung zwiSHeC und ihrem

Reservoirwirt zukommen.
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Abb. 3.1: Modell der Wirkung von Stx1 auf die Transformation und Roliferation aktivierter,

peripherer Lymphozyten des Rindes (Details siehe Text)

3.2 Zielsetzung

Die molekularen Mechanismen, die der Fahigkeit der STEC zugrwuegknlihren Wirt

Uber langere Zeit kolonisieren zu koénnen, sind nur unzureichend verstanden.

experimentellen Infektionen von Kalbern ist das auf d@rus of enterocyte effacemdlae)
kodierte Intimin fir die Ausbildung von ,attaching and effacing“-Lasionbei der
Kolonisierung der Schleimhaut essentiell (49). Intimin sowie Bestdaddes vomlee
kodierten Typ lll-Sekretionsapparates tragen, moglicherweise duecindiuktion der sehr
engen Adh&sion der Bakterien an Epithelzellen, zur Persistenz vo@ ®1KG7:H7 und
026:H bei Rindern und Schafen bei (43, 57, 342).

Da bei STEC-Infektionen adulter Rinder nach bisherigem Kenrdanidséber keine
intestinale Entzindung auftritt, wurde spekuliert, dass sich die STEC als Koalemeas das

Milieu im Darm des Rindes angepasst haben kdnnten (304). Allerdaigbnet sich die
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3. Vorarbeiten und Zielsetzung

intestinale Mukosa auch unter normalen Bedingungen durch einen Zyshksysdlogischer
Entzindung* aus, der durch die Anwesenheit zahlreicher Leukozytemaepithelialen und
subepithelialen Kompartimenten gekennzeichnet ist (72). Bovine STEQelseldiigen tber
eine Reihe von Pathogenitdtsmerkmalen und Virulenzfaktoren, die es drlaiben in
vielfaltiger Weise mit intestinalen Epithelzellen zu intpeaen (13, 49, 85, 356). Es erscheint
daher unwahrscheinlich, dass nicht wenigstens einer dieser Faktmredev Mukosa als
Signal erkannt wird, das Mechanismen der angeborenen oder erworbbemenabwehr
aktiviert, die ,physiologische Entzindung“ verstarkt und dadurch die Kolonsgjeder
Schleimhaut durch STEC auch im Rind terminiert (300, 313). Auch der hadégeweis
von Stx-spezifischen Antikorpern beim Rind (18, 137, 255) spricht dagegen, dass die
Persistenz der bovinen STEC-Infektion aus einem Unvermdgen des |lokatemsystems
resultiert auf STEC und ihre Produkte zu reagieren. Demnach misgseSTEC eine
Strategie entwickelt haben, die aktiv die Immunantwort lintjtidie intestinale Homoostase
erhalt und die dauerhafte Kolonisierung erlaubt.

Lymphostatin, das Genprodukt dé#é bei enteropathogends coli, das bei nicht-O157
STEC-Stdmmen fast identisch &fa-1vorkommt, inhibiert die Proliferation humaner (158-
160) und boviner Lymphozyten und scheint bei STEC O5- und O111-Stammen auch die
intestinale Kolonisation beim Rind zu beginstigen (316). Die Genprodukte han@ege
bei STEC O157:H7 t6xB und eine trunkierte Form voefa-1) jedoch haben auf die
intestinale Kolonisation bei Schafen und Rindern keinen Einfluss (314).

Stx ist damit das einzige bislang identifizierte Pathogesnterkmal, das allen STEC-
Stammen gemeinsam ist und beim Rind immunsuppressiv wirkt (207). ZumindeshékeinSc
ist die Fahigkeit der STEC zur Persistenz in der Tat niitFddigkeit zur Bildung der Stx
assoziiert (42). Im Hinblick auf die Entwicklung einer Bekampfunmgtsgie gegen STEC-
Infektionen im Rind waren deshalb die Ziele der hier beschriebenen Arbeiten:

1. Kenntnisse Uber den Wirkungsmechanismus des Shigatoxins 1 auf bovipleengeri

Lymphozyten zu gewinnen,

2. die Ubertragbarkeit der gewonnenen Erkenntnisse auf Lymphozyten decBiaimbaut
zu Uberprufen sowie
3. weitere potentielle, nicht-lymphozytare Zielzellen fir Stx Darm des Rindes zu

identifizieren.
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4. METHODIK

Fir die vorliegenden Arbeiten sind die in den entsprechenden \feliatiengen (siehe
Abschnitt 6) beschriebenen Methoden und Verfahren angewandt worden.

* Affinitdtschromatopraphische Aufreinigung von Proteinen und deren Anatysélilfe
der SDS-PAGE und des Immunoblots,

e Préaparation und Kultivierung mononuklearer Zellen aus dem peripherer(FBMC)
von Rindern,

¢ Nachweis boviner Leukozytenoberflachenantigene mit Hilfe der Durchflisseeyrie,

* Quantifizierung der Proliferation boviner PBMC,

* Quantifizierung der Synthese zytokin- und chemokin-spezifischer mRNA,

* Praparation und Kultivierung polymorphkerniger Granulozyten (PMN) aus dem
peripheren Blut von Rindern und Schafen,

* Quantifizierung der Phagozytoseleistung und der Aktivierbarkeit von bouvimgmvinen
PMN mit Hilfe der Durchflusszytometrie,

* Quantifizierung der Migrationsaktivitat boviner PMN,

* Praparation und Kultivierung boviner Kolonepithelzellen,

e Extraktion und biochemische Analyse von Membranlipiden durch MALDI-TOF
Massenspektrometrie und Dunnschichtchromatographie.

Fur eine detaillierte Beschreibung einer Auswahl von MethoderUntgrsuchung der
Wirkung von Shigatoxinen auf mononukledre Zellen sei insbesondere auf die
Veroffentlichung6.4 verwiesen.

Die Kapitel tber Epithelzellen und Makrophagen-artige Zellen dethabislang
unveroffentlichte Originaldaten. Diejenigen Methoden, die diesen Arbatigrundeliegen
und deren Beschreibung nicht Bestandteil einer der angeflgteika®ioblen ist, sind im

Folgenden dargestellt.
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4.1 Untersuchung priméarer boviner Kolonepithelzella

4.1.1 Gewinnung und Kultivierung

In Anlehnung an die Methode von Foéllmanhal. (73) wurden am Schlachthof Giessen
jeweils etwa 30 cm lange Abschnitte des proximalen Kolon ascendengesunden, 18 bis
24 Monate alten Rindern verschiedener Rasse und beiderlei Gessitachtnach deren
Totung entnommen. Nach dem Ausstreifen des Darminhaltes erfolgtenermaliges
Waschen mit steriler, 4°C kalter NaCl-Losung (0,9 %). Sichtbasttgdwebe wurde mit
einer Schere abgesetzt, der Darm langs erdffnet und Farbe Zmwtand der Mukosa
kontrolliert. Nach weiteren (2- bis 3mal) Waschungen mitlsterd°C kalter NaCl-L6sung
wurde der Mukus vorsichtig mit Hilfe eines Glasobjekttragers abgdd und das Darmstiick
nochmals gespult. Der Transport zum Labor erfolgte auf Eis iflesteil ransportmedium
(PBS mit 100 U/ml Penicillin, 100 pg/ml Streptomycin, 2,5 pug/ml Gentamy2,5 pg/mi
Amphoterizin B, 4 mM L-Glutamin und 0,2 % Glukose).

Unter sterilen Bedingungen wurde dann mittels zweier Glasitdger die Mukosa von
dem auf einem Eisbett gelagerten Darmstiick abgeschabt, inskaitem HBSS geflllte
Petrischalen uUberfihrt und mit einer Rasierklinge in feine Studkschnitten. Die
zerkleinerte Mukosa wurde in mehreren 50 ml Roéhrchen (Fa. Greineeiskaltem HBSS
gewaschen (130 x, 5min, 4°C, gut vorgekuhlt). Uberstand und Mukusschicht wurden
vorsichtig mit einer Pasteurpipette abgesaugt, die Rohrcherewrad eiskaltem HBSS
aufgeflllt und die Waschschritte so lange wiederholt, bis die Mukicsdcweitestgehend
vom Zellpellet entfernt worden war.

Danach wurden 30 ml der vereinigten Pellets zu 120 ml vorgewaBwt€) Verdau-
Lésung (60 ml DMEM, 60 ml HBSS, 2 mM L-Glutamin, 100 U/ml Penicillin, 100mlg
Streptomycin, 2,5 pg/ml Amphoterizin B, 2,5 pg/ml Gentamycin, 150 U/mlagehase 1
CLS) gegeben und bei 100 U/min, 37°C und 8 %, Cauf einem Magnetrihrer fur 45
Minuten inkubiert. Nachdem die resultierende Zellsuspension zwealorah 0,6 x 25 mm
Kanulen gepresst wurde, wurde sie fur weitere 10 Minuten wighlieben inkubiert. Danach
wurden die Krypten bei 202 x g, 4°C, fir 7 Minuten pelletiert und unter voigécht
Schwenken mit 50 ml Sorbitol-Lésung (2% in HBSS, 4°C) resuspendierth Nac
Zentrifugation (50 x g, 5 Minuten, 4°C) wurden die aus den Epithelyptiin gebildeten
Pellets erneut in Sorbitol-L6sung aufgenommen und die DichtegradiZetenfugation wie
beschrieben solange wiederholt, bis im Uberstand bei mikroskopischerok®rirypten
sichtbar wurden. Schlie3lich wurden die Pellets vereinigt und mituoédium (s.u.)
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versetzt. In 25 chgrosse Kulturflaschen (Fa. Corning Costar), die am Vortag wllagen
beschichtet (2,8 plich KollagenR, Fa. Serva, eingesetzt 1:10 verdinnt) worden waren,
wurden zwischen 7500 und 10000 Krypten ausgesat und bei 37°C und 8 Ralert.

Als Kulturmedium diente ,Dulbecco’s Modified Eagles-MediumMBM) mit den in

Tabelle 4.1aufgefiihrten Zuséatzen.

Tabelle 4.1: Mediumzusatze fir die Anztichtung boviner Epithelzedin

Substanz Konzentration Bezugsquelle
L-Glutamin 4 mM PAA-Laboratories
Penicillin 100 U/ml PAA-Laboratories
Streptomycin 100 pg/ml PAA-Laboratories
Gentamycin 2,5 pg/ml Biochrom AG
Amphoterizin B 2,5 pug/ml PAA-Laboratories
bovines Transferrin GlIBCO™,
5 pg/ml . .

Invitrogen Corporation
bovines Insulin 10 pg/mi Biochrom AG
nichtessentielle Aminosauren 0,15 mM Biochrom AG
D-(+)-Glukose Sigma-Aldrich Chemie

2,7 mg/ml
GmbH
Hydrocortison Sigma-Aldrich Chemie
1 pg/ml
GmbH
EGF (epidermal growth factor) A.F. Schutzdeller GmbH,
30 ng/ml _
Tubingen

Dieses initiale Kulturmedium wurde fiir die ersten 24 Stunden deuchmzntestinaler
Epithelzellen aus Kolonkrypten mit 10 % fotalem Kélberserum (F&fgetzt. An Tag 1
erfolgte ein Mediumwechsel zur Entfernung der zahlreichen deiftver. Das fUr die weitere
Kultivierung verwendete Medium wurde mit 2 % FCS und 0,5 % Rinderhypophysskte
(c.c.pro, Neustadt) erganzt und am 3. Tag nach Gewinnung der Kryptemn @&isgetauscht.
Am 4. Inkubationstag war in 85-95 % der adhéarenten Zellen durchflusszyismhetnd
fluoreszenzmikroskopisch das fur Zellen epithelialen Ursprungsldbastische Zytokeratin

nachweisbar.
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4.1.2  Fluoreszenzmikroskopische Untersuchung

Zur Charakterisierung der Zellen mit Hilfe des Fluoreszekimskopes am 4.
Inkubationstag wurden die gleichen Antikorperkombinationen verwendet b&ie der
durchflusszytometrischen AnalyseTapelle 4.3. Alle Arbeitsschritte wurden bei
Raumtemperatur in einer feuchten Kammer bei Lichtausschiuf? duibingefDie
Probenvorbereitung zum Nachweis von 3@ID77 und eines Zytoskelettproteins folgte
folgendem Schema:

Entfernen des Mediums aus dem Zellkulturgefass durch vorsichtiges Abkippen,
zweimaliges Waschen des Zellrasens mit PBS,

Fixation der Zellen in 2 % PFA fir 30 min,

zweimaliges Waschen des Zellrasens mit PBS,

Permeabilisation mit Digitonin (Sigma-Aldrich Chemie, 0,005 % in PBS; 10 min),

zweimaliges Waschen des Zellrasens mit PBS,

N o gk~ wbdRE

Ausstanzen der Praparate aus den Bodden der KulturgefasselfeieiRler erhitzten
Kupferstanze und sofortiges Uberfilhren in PBS-gefiillte Vertiefuredear 12-Loch-
Zellkulturplatte,

Begradigen der Praparatekanten mit Hilfe eines Skalpells,

Entfernen des PBS durch Absaugen, anschliessend Inkubation der Aéllge 25 pl

Gebrauchslosung des anti-CD77-Antikdrpers bzw. mit 50 pul Gebrauchsl@snaeg

Antikorpers gegen Vimentin oder Zytokeratin,

10. zweimaliges Waschen des Zellrasens mit PBS,

11. Entfernen des PBS durch Absaugen, anschlieRend Inkubation der Zellgn 5Qiul
Gebrauchslosung des Fluoreszenz-markierten anti-Ratte-IlgM und desedzlenz-
markierten anti-Maus-I1gG fir 1 Stunde,

12. zweimaliges Waschen des Zellrasens mit PBS,

13. Eindecken der Praparate auf einem Objekttrager mit 60 pul Mowiol-Mountingsiviedi

Die Vorbereitung der Praparate zum Nachweis von BindungsstéiterStxB1 erfolgte

analog und gemass derGl und6.6 beschriebenen Verfahren.
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4.2 Immortalisierung und Charakterisierung primarer boviner
Kolonzellen

Zellen aus primaren Kulturen boviner Kolonzellen wurden am 4. Inkubationsta®r.
M. Konig, Institut fir Virologie, durch Transfektion mit dem Plasmi@V3-neo nach der
Methode von Paulgt al. (247) immortalisiert. Nach Klonierung der Zellen mit erhaltenene
Proliferationsfahigkeit wurden die gewonnenen Zelllinien durchflusszgtrisch (zur
Methodik siehe6.4) und fluoreszenzmikroskopisch (sieel.? unter Verwendung der in

Tabelle 4.2aufgefiihrten Antikérper analysiert.

Tabelle 4.2: Aufstellung der zur Charakterisierung boviner Kolorzellen verwendeten

Antikorper

Zielantigen Verwendeter Antikdrper Gebrauchs

Wirts- Isotyp  Farb- Name Bezugsquelle -l6suhg

spezies stoff
CD11a (bovin) Maus IgG2a IL-A99 Dirk Werling, London  unverdiinnt
CD11b (bovin) Maus IgG1 IL-A15 Jan Naessens, Nairobi unverdinnt
CD11c (bovin) Maus IgG1 IL-A16 Jan Naessens, Nairobi unverdinnt
CD14 (bovin) Maus IgG1 CC-G33 Dirk Werling, London  unverdinnt
CD77 Ratte IgM 38.13 Beckman-Coulter 1:10in PBS
CD172a (bovin) Maus lgG1 IL-A24 Jan Naessens, Nairobi unverdinnt
MHC-I (bovin)  Maus lgG2a IL-A88 Jan Naessens, Nairobi unverdinnt
MHC-II (bovin)  Maus IgG1 J-11 Jan Naessens, Nairobi unverdinnt
Vimentin Maus IgG1 3B4 DAKO A/S 1:13in PBS
Pan-Zytokeratin  Maus IgG1 FITC C-11 Sigma-Aldrich Chemie 10Q:in PBS
(Maus)lgGf{) FITC Medac 1:200 in PBS
(Maus)IlgG PE Sigma-Aldrich Chemie  1:50 in PBS
(Ratte)lgM(p) PE Beckman-Coulter 1:200 in PBS
(Ratte)lgM FITC Dianova 1:100 in PBS

! unverdiinnt = unverdiinnter Hybridomzellkulturiiberstand
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4.3 Funktionelle Untersuchungen an bovinen Kolonzkdn

4.3.1 Zytotoxizitdtsbestimmungen

Zur Bestimmung moglicher zytotoxische Effekte des Shigatoxingull priméare
Kolonepithelzellen und immortalisierte Kolonzelllinien wurden in Anlafg an Gentry &
Dalrymple (82) 2 x 1b Zellen pro Vertiefung in 96-Loch-Mikrotiterplatten mit flachem
Boden (Fa. Nunc) mit gereinigtem Stx1 in Anwesenheit und Abwekeaimes StxBl-
spezifischen monoklonalen Antikorpers (13C4) (320) inkubiert. Einige Ansatzeew
zusatzlich mit LPS (O55; 25 pg/ml; Sigma-Aldrich Chemie Gmbtf)plementiert. Fur die
Untersuchung von Epithelzellen wurden die Vertiefungen der Mikrotitéepladurch
Kollagenisierung (s.0.) vorbereitet. Nach Inkubation bei 37°C, 5%, Q®d
Wasserdampfsattigung Uber 72 Stunden und mikroskopischer Auswertung werde
Stoffwechselaktivitat der Zellen durch Zusatz von MTT (3-(4,5-Diryietinazol-2-yl)-2,5-
diphenyltetrazoliumbromid; Sigma-Aldrich Chemie GmbH) wie &4 beschrieben
guantifiziert und im Verhaltnis zu den mitgefihrten Positiv- und Negaintrollen
berechnet.

Alternativ wurde nach Inkubation mit Stx1 der Anteil apoptotis&tthelzellen tGber die
durchflusszytometrische Quantifizierung M30-Antigen-positiveretetbestimmt . Dazu fand
ein kommerzieller Testkit (M30 ZytoDEATH, Fluorescein; Rochafh Herstellerangaben
Anwendung. Dieser Test basiert auf der Verwendung eines fl@imdsanjugierten
monoklonalen Antikorpers, der ein kaspase-aktiviertes Epitop des Zytiakei8 erkennt,

das nur im Zytoplasma apoptotischer Zellen vorkommit.

4.3.2 Quantifizierung der Expression ausgewahlter Zyto- und Chemoke

Der Einfluss von Stx1 auf den Gehalt primarer Kolonepithelzellgh immortalisierte
Kolonzelllinien an mRNA mit Spezifitdt flir ausgewéhlte Zyto- uddemokine wurde in
Zusammenarbeit mit Dr. Anja Taubert, Institut fir Parasitologie in 6.10 beschrieben
bestimmt. Dazu wurde 4 Tage nach Gewinnung der Krypten (Epillealzézw. nach der
letzten Passagierung (Zelllinien) das Kaultivierungsmedium durah Stx1, anti-StxB1l
und/oder LPS supplementiertem Medium ersetzt und fur weitere £2d8z8tunden kultiviert.
Nach Gewinnung der mRNA wurden fir die Quantifizierung mittelsal;tiene“-PCR
zusétzlich zu den i8.10 aufgefiihrten weitere Primer und Sonden verwentabdllen 4.3
und 4.4).
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Tabelle 4.3: Basenfolge der in der ,real-time“-PCR verwendeterPrimerpaare zur

Quantifizierung Zytokin- und Chemokin-spezifischer mRNA

Primer Basenfolge 5°bis 3’'Ende
GAP-RANTES-forward -GGC GTG AAC CAC GAG AAG TAT AA-
GAP-RANTES-reverse -CCC TCC ACG ATG CCA AAG T-
bo-GROalpha-128-forward-CGC CTG TGG TCA ACG AAC T-
bo-GROalpha-210-reverse-CAC CTT CAC GCT CTG GAT GTT-
bo-RANTES-148-forward -CCC TGC TGC TTT GCC TAT ATC T-
bo-RANTES-225-reverse -GCA CTT GCT GCT GGT GTA GAA A-
bo-TGFbeta-748-forward -GGC CCT GCC CTT ACA TCT G-
bo-TGFbeta-821-reverse -CGG GTT GTG CTG GTT GTA CA-
bo-1L12-p40-677-forward -GCA GCT TCT TCA TCA GGG ACA T-
bo-1L12-p40-713-reverse -CCT CCA CCT GCC GAG AAT T-

Tabelle 4.4: Basenfolge der in der ,real-time“-PCR verwendetenSonden zur

Quantifizierung Zytokin- und Chemokin-spezifischer mRNA

Sonde Basenfolge 5'bis 3'Ende

GAP-RANTES -ATA CCC TCAAGA TTG TCA GCA ATG CCT CCT-
GRO« -CCA GTG CCT GCA GAC CTT GCA GG-

RANTES -CCC GCA CCC ACG TCC AGG AGT-

TGF$ -CCT GGA TAC ACA GTA CAG CAA GGT CCT GG-
IL-10 -AGC CTG TGG CAT CAC CTC TTC CAG GTA A-
IL-12 -CAC CCA AGA ACC TGC AAC TGA GAC CAT TAA-

Die Quantifizierung der von bovinen Kolonepithelzellen freigesetliterGGranulozyten

attraktiven Substanzen efolgte im Migrationstest wié. i) beschrieben.
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5. ERGEBNISSE UND DISKUSSION

5.1 Charakterisierung des Shigatoxin-Rezeptors boner Lymphozyten

Ghy/CD77 ist der Rezeptor fir die B-Untereinheit der Shigatoxine dekeEndozytose
vermittelt und der A-Untereinheit Zutritt zum Zytosol der Zellrschafft (179, 261, 285).
Stx1 und StxB1l koénnen aber auch nach Bindung ag/GBIY7 ohne Internalisierung
intrazellulare Signale auslésen (197). Alternative Stx-bindende Gtewmktsind dagegen
vermutlich nicht in der Lage eine Wirkung der Shigatoxine zu veemi{B32). Die Kenntnis
molekularer Vorgange im Kontext der Rezeptorbindung ist damit vonchentender
Bedeutung fir das Verstandnis der Stx-Wirkungen beim Rind und warllié&séhinitialer

Untersuchungen.

(Vorbemerkunag:

Bei den im Folgenden beschriebenen Studien wurde/CGE7 sowohl durch
Immundekoration mit einem CD77-spezifischen Antikérper als auch durduiBgsstudien
mit der B-Untereinheit des Shigatoxins 1 nachgewiesen. Beh&tlelt es sich jedoch nicht
um eine einzelne biochemisch definierte Struktur, sondern um eine Gruppe von
Glykosphingolipiden, denen nur der Kohlenhydratanteil gemeinsam ist.bBiden zum
Nachweis verwendeten Liganden erkennen unterschiedliche Isoform&bgdER). Deshalb
wird im Folgenden sprachlich unterschieden zwischen a.) CD77(-Ahtaderder mit dem
Antikorper 38.13 nachweisbaren Struktur, b.) Stx-Rezeptor als Stx-binden#téuStind c.)
Gbs als der Summe aller Isoformen. Die Doppelbezeichnung3BlY7 wird nur angewandt,
wenn diese Unterscheidung nicht mdglich war.)

5.1.1 Einfihrung von CD77 als aktivierungsabhangig exprimiertes

Oberflachenantigen

Neutrale Glykosphingolipide (GSL), zu denens;@ehort, sind lipidartige Bestandteile
der Zellmembranen aller Sdugetierzellen und die Kohlenhydrédéawider GSLs werden auf
der Zelloberflache prasentiert (297). Allerdings haben GSLs -einarakteristische
Zusammensetzung in funktionell unterschiedlichen Zelltypen. Sorst€lke und Gh bei
humanen Lymphozyten stadienspezifische Markerantigene dar, die Seibpopulation
terminal differenzierter B-Zellen in Keimzentren kennzeichnen (3@bwohl generell die
Quantifizierung von Aktivierungsmarkern wichtige Einblicke in die Nmusmen der
Lymphozytenregulation erlaubt und auch bei bovinen Lymphozyten Anwendung (et
263, 352), war bislang die Expression von GSLs bei bovinen Lymphozyten noch nicht

untersucht worden.
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5.1.1.1 CD77-Expression durch bovine B-Lymphomzellen (BL-3)

Durch beispielhafte Untersuchungen an BL-3-Zellen konnte unteweérelung eines
gegen das humane CD77-Antigen gerichteten Antikdrpers erstmals CD7@oviaen
Lymphozyten nachgewiesen werden (si€h®. Allerdings exprimierten in unstimulierten
Kulturen nur eine Minderheit der Zellen das Antigen auf der Zelfi@iodre; bei den meisten
Zellen war es nur intrazellular nachweisbar. Die oberflachlekgression beschrankte sich
fast ausschliesslich auf Zellen mit veranderter Morphologie und sshginkter Vitaliat
(,subvitale Zellen*). Dies konnte erklaren, warum unstimulierte38Zellen gegeniber der
apoptotischen Wirkung des Shigatoxins 1 resistent sind (207). Erst deér XosaB-Zell-
Mitogenen zum Kulturmedium, der auch die Zellen flr Stx1 sensdstli@07), resultierte in
einem verstarkten Nachweis von CD77-Molekulen auf der ausserenefdiran auch bei

Zellen mit erhaltener Vitalitat (siel&3).

5.1.1.2 Kinetik der CD77-Expression in Primarkulturen

Untersuchungen mit Priméarkulturen boviner PBMC bestéatigten diettdbarkeit dieser
Befunde auf nicht-transformierte Zellen. PBMC waren zwaritialbar nach der Gewinnung
nicht in der Lage den CD77-Antikérper zu binden (siél8g dies anderte sich jedoch bereits
am ersten Inkubationstag. Obwohl auch ohne Stimulation CD77 auf derl&0berf
exprimiert wurde, steigerte der Zusatz von Mitogenen zum Mediumxieession erheblich.
Der Anteil CD77-exprimierender Zellen an allen Zellen dertiqustieg im weiteren Verlauf
der Inkubation kontinuierlich an, wobei die CD77-Expression bei Zellen ghteddicher
Morphologie allerdings erheblich differierte. Der héchste Antdl7Z-Zellen war in der
Population der Blasten zu verzeichnen, die insbesondere nach mitogengiat®n aus
Non-Blasten-Zellen durch Gréssenzunahme hervorgegangen waren (zur
durchflusszytometrischen Definition der Zellpopulationen geméass imephologischen
Eigenschaften siehe Abb. 36u3). Dabei erreichte der Anteil der CD7Blasten am 3. bis 4.
Tag der Kultur sein Maximum wéahrend der Anteil subvitaler CEZ&llen immer weiter
anstieg. Die Populationen der Blasten, Non-Blasten und subvitalem Ziellerschieden sich
auch in der Zahl der oberflachlich exprimierten CD77-Molekule. BgeiBlasten und auch
bei den wenigen CD77/Non-Blasten variierte die Fluoreszenintensitat fiir den Nacheess
Antigens Uber einen weiten Bereich. Im Gegensatz dazu warenrbsubeitalen Zellen von
Anbeginn der Kultur Zellen mit sehr starker CD77-Expression nachariand diese

CD77""""_Zellen akkumulierten in der subvitalen Population bis zum 8. Tag. Slevita
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Zellen unterschieden sich von den dbrigen Populationen vor allem durch #me, d
apoptotischen Zellen dhnliche Morphologie (198). Es bestanden jedowh Keirelationen
zwischen der CD77-Expression und verschiedenen Anzeichen von Zelltod.

Auch die Tatsache, dass CD77 auf der Oberflache boviner Lymphoryt@itro
insbesondere nach mitogener Stimulation exprimiert wurde, deutet daralg#hs die CD77-
Expression einen intermediéren Aktivierungszustand der Zellengé®zAnscheinend waren
die ruhenden Lymphozyten, die zuerst die Population der Non-Blasten ibjldetedchst
CD77-negativ oder CD7#™. Nach (mitogener) Aktivierung steigerte sich die CD77-
Expression soweit, dass 3 bis 4 Tage nach Initiierung der Kultaul®9% der Blastenzellen
CD77-Molekiile in massigem Umfang (CD7%°®) exprimierten. Das Verschwinden der
CD77M%" 7ellen aus der Blastenpopulation zum 6. bis 8. Tag der Kultivierung gi
einher mit einer Kumulation von subvitalen C79"-Zellen. Vergleichbare Muster der
CD77-Expression liessen sich auch bei BL-3-Zellen zeigen. GQdfatish verlief die CD77-
Expression bis zur moderaten Expression (C“,"Eﬁ)?e/ate") parallel zum Aktivierungsprozess
der Zellen. An diesem Punkt der Aktivierung Uberlebten die Zellerevhin, teilten sich,
nahmen dadurch an Grésse ab und erschienen wiederum als"®DN¥@n-Blastenzellen.
Alternativ leiteten die Zellen die Apoptose ein, was mit eineitexen Steigerung der
oberflachlichen CD77-Expression (CD7%™) einherging Abb. 5.2).
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Abb. 5.1: Modell der aktivierungsabhangigen Expression von G¥CD77 auf peripheren
Lymphozyten des Rindes (Details siehe Text)
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Diese Art der CD77-Expression @hnelt der durch humane B-Zellen. '@®Zeéllen besitzen

den Phanotyp aktivierter Zellen, sind jedoch negativ fur die klassigskt@nerungsmarker
CD23, CD25 und CD71 und weisen Charakteristika apoptotischer Zellen auf Q381

sind die Zellen jedoch nicht auf den Zelltod fixiert, sondern kdnnen durch Behandlung mit IL
4 und CD40-Liganden gerettet werden (199). Uberlebende B-Zellen regulier Expression
von CD77 wieder vollstdndig herunter, werden dafiir aber positiv fur CD23. (02®&yohl
bovine CD77-Lymphozyten teilweise CD25 koexprimierten (si€hé), stellt CD77 auch auf
bovinen Immunzellen, dien vitro (siehe6.3) oderin vivo (siehe5.3.2 und 5.3.3 eine

Stimulation erfahren haben, einen bislang unbekannten Aktivierungsmaakerder fir

bestimmte Phasen im Aktivierungsprozess dieser Zellen charaktéristis

5.1.1.3 CD77-Expression durch Lymphozyten-Subpopulationen

Unter mitogener Stimulation exprimierten verschiedene SubpopulatiggérZéllen,
CD4" T-Zellen, CD&" T-Zellen, B-Zellen) das CD77-Antigen auf der Oberflache (steBe
jedoch unterschieden sich die Subpopulationen in ihren ExpressionmusterenuMst alle
CD8ua" T-Zellen, die besonders empfindlich fiir Stx1 sind (207), CD77 mit holeteD
koexprimierten, war sowohl die Zahl positiver Zellen als auch diégéndichte auf der
Oberflache der weniger sensitiven CO@Zellen und der B-Zellen deutlich niedriger.

Das CD77-Antigen besitzt damit bei bovinen Lymphozyten eine weithilare
Verbreitung und ist nicht auf B-Zellen beschrankt. Bei humanen Lymphozyten wabdie C
Expression urspringlich mit der onkogenen Transformation von Burkitt-Lympliemze
assoziiert worden (357). In gesunden Probanden kennzeichnet CD77 dagegen eine
Subpopulation von Zellen in den tonsillaren Keimzentren (198). GB&llen koexprimieren
hier sigM, aber nicht sigD, und sind positiv fur CD10, CD38, LFA-1, LFA-3 ubd4und
eine Reihe von B-Zellmarkern wie CD19, CD20, CD21, CD22 und CD40 (197, 198).
Wahrend bei mehreren lymphoiden pra-B- und T-Zelllinien sowieloiden Zelllinien
urspringlich kein CD77 nachgewiesen werden konnte (40, 197), bestatighegd¥eda und
Tesh (265) Ergebnisse von Knigp al. (162), die bereits 1985 GiMolekile auch bei
myeloiden Zellen des Menschen in spaten Differenzierungsstadiemschenachgewiesen
hatten. Die hier erstmalig gefundene Expression von CD77 durch TrZtdlt damit unter

den bislang untersuchten (S&ugetier-)Spezies eine Besonderheit boviner Lyephlazyt
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5.1.2 Biochemische Charakterisierung zellularer Glykolipide

Bislang konnten nur wenige Differenzierungsmarker beim Rind waodgr der
Kreuzreaktivitat monoklonaler Antikdrper gegen die homologen humanen efietig
identifiziert werden (309). Bei Vergleichen zwischen Proteinerscveedener Saugetiere
finden sich die niedrigsten Sequenzhomologien regelmassig bei LigandeRezeptoren,
die in Wirtsabwehrmechanismen involviert sind. Entsprechend erkenntmgernger Tell
der Antikbrper gegen humane Antigene das entsprechende Homologboairien
Lymphozyten (222). Im Gegensatz dazu sind GSLs weit wenigerespgzezifisch (297).
Trotzdem galt es zu klaren, ob das, unter Verwendung eines gegenuaene CD77-
Antigen gerichteten Antikoérpers, bei bovinen Lymphozyten detektiertegémtiauch
biochemisch mit Globotriaosylzeramid identisch ist.

Nach Lipidextraktion war bei bovinen PBMC nach 4-tagiger mitog&tienulation eine
deutlich grossere Menge neutraler Glykolipide nachweisbar alsiristimulierten Zellen
unmittelbar nach der Gewinnung (sieleed). Parallel zur mitogen-induzierten CD77-
Expression auf der Oberflache war der Anstieg des Glykolipidgshatir allem auf eine
Zunahme der Zeramid-Trihexoside zurtckzufiihren. Wahrend die MALDI-WISFAnalyse
neutraler Glykolipide unstimulierter PBMC vor allem Zeramid-Moexoside und nur
Spuren von -Di- und -Trihexosiden nachwies, enhielt die entsprechende aRcipar
stimulierter PBMC Zeramid-Mono- und -Trihexoside in &quivalenten MenBer Kohlen-
hydratanteil der jeweils nachgewiesenen Zeramid-Monohexosidandestisschliesslich aus
Glukose. Dagegen enthielt der Kohlenhydratanteil der -TrihexosithkiGse und Glukose
im Verhdltnis 2:1. Die weitergehende Analyse mittalsGalaktosidaseverdau und
Methylierungsanalyse bestétigte schliesslich, dasschsbsi den Zeramid-Trihexosiden um
Gal(01-4)Gal(1-4)Glc(1-1)Cer und damit um Globotriaosylzeramid;, Glandelte. Das aus
bovinen PBMC gewonnene gWurde im ELISA durch den CD77-Antikdrper 38.13 erkannt.

Der Lipidanteil aller bei bovinen PBMC nachgewiesenen Zerdiudo- und -
Trihexoside enthielt ausschliesslich C18-Sphingosin (s&Be Allerdings unterschieden
sich unstimulierte und stimulierte PBMC hinsichtlich des Fetesinteils ihrer GSLs. Zwar
war bei allen Zeramid-Mono- und -Trihexosiden eine C16:0 Fettsderedahinierende
Fettsdurespezies, jedoch konnten auch grossere Anteile an C22:0- uldF&BEuUren
nachgewiesen werden. Zeramid-Trihexoside stimulierter PBMEhneten sich insbesondere
dadurch aus, dass bei ihnen der Anteil von Molekilen mit Fettsauren ehit afs 20
Kohlenstoffatomen deutlich erhdht war.
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Die aktivierungsabhangige Expression von 3/GB77 auf der Oberflache der
Lymphozyten konnte demnach von mehreren Faktoren abh&ngen. Der biochemische
Nachweis von Gp in unstimulierten Lymphozyten, auf deren Oberflache keine
Bindungsstellen fur anti-CD77 nachweisbar waren, wie auch die mthebtarkere
Nachweisbarkeit des CD77-Antigens in intrazellularen Kompartimentsn BL-3-Zellen
(siehe5.1.1.9, lasst sich vermutlich durch eine spezifische Eigenschaft 8&s @rklaren,
die als grypticity* bezeichnet wird. So berichteten Pudymaitis und Lingwood (262), dass
abhangig von bestimmten zellularen Funktionszustanden, itGlZellen biochemisch in
signifikanter Menge nachweisbar ist, aber trotzdem auf derol#flache nicht zur
Ligandenbindung zur Verfiigung steht. Dies kénnte auf dem Vorhandensein w@DGH
ausschliesslich in intrazellularen Kompartimenten beruhen oderimerf Blaskierung der
relativ kleinen extrazellularen Anteile der GSLs durch intsicise Membranproteine.
Zusatzlich zu moglichen Veranderungen in der zellularen Vertgiiam Gh/CD77 fuhrte
die Stimulation boviner Lymphozyten sowohl zu einer mehrfachen Zunahme de
Gesamtmenge an Zeramid-Monohexosiden ung & auch zu einer Veranderung in den
Fettsauren ihrer Lipidanteile. Dies impliziert, dass die Induktion dleerflachlichen
Ghbs/CD77-Expression Uberwiegend auf eirter noveSynthese dieser GSLs beruht. Eine
transiente Aktivierungen der entsprechenden Glykosyltransferasele Wwereits als Ursache
fur Verschiebungen in der Glykolipidzusammensetzung wahrend der rébifierung
humaner B-Zellen identifiziert (327).

Derzeit ist bei Wiederkduern die Zahl von Aktivierungsmarkerm, di¢ definierte
AntikOrper existieren, noch sehr begrenzt (46, 217, 221, 223). GSLs sind wenig
speziesspezifisch, aber in ihrer zellularen Expression ausreictestdngiert, um als
Differenzierungsmarker verwendet werden zu kodnnen (297). Das hienaégstbei
Lymphozyten des Rindes nachgewiesene CD77-Antigen ist das erStear@ge
Leukozytenantigen, dessen Existenz beim Rind nachgewiesen wurdedieddoglichkeit
hinaus nun CD77-Antikérper zur Untersuchung des bovinen Immunsystems einzetze
konnen konnte die bevorzugte Uberprifung von Antikdrpern gegen GSL anderer
Saugerspezies weitere Kreuzreaktivitditen aufdecken und die Alusiea fir das Rind

verfigbaren Aktivierungsmarker vergrossern.
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5.1.3 Untersuchungen zur Shigatoxin-Bindung

Der Umfang der CD77-Expression auf der Oberflache korrelieut teilweise mit der
Empfindlichkeit boviner Lymphozyten gegentber Stx1. Die Zellen schiermdmefr nur in
einer frihen Phase der Aktivierung, die durch eine niedrige bis ated€D77-Expression
gekennzeichnet ist, transient gegenuber Stx1 empfindlich zu seime &R2.1 und 6.6).
Uberdies schloss die breite zellulare Verteilung von CD77 aucBHE T-Zellen ein, deren
Proliferation nur geringfiigig durch Stx1 beeinflusst wird (207). Désbalt es zu klaren, ob
und unter welchen Bedingungen BRD77 bei bovinen Lymphozyten als Stx-Rezeptor
fungiert.

5.1.3.1 Bindung von Stx1 und rStxB1

In Ubereinstimmung mit der Beobachtung, dass die Lymphozyten tetirait nach der
Isolation kein anti-CD77 banden, besassen die Zellen zu diesem Zeitputktkaine
nachweisbaren Bindungsstellen fir das Stx1-Holotoxin oder die rekamiBaJntereinheit
(rStxB1). Wie schon zum Nachweis von anti-CD77-Bindungsstellen eirse mitogene
Stimulation erforderlich, um einen grosseren Anteil der Zehedié Lage zu versetzen Stx1
oder rStxB1 zu binden (siel&b). Die Bindung war bei allen untersuchten Lymphozyten-
Subpopulationen nach viertagiger Stimulation nachweisbar. Dabei spieghs
Bindungsverhalten durchaus die Empfindlichkeit der Subpopulationen fur Siotdr: w
wahrend die Halfte der C@8 T-Zellen und zwei Drittel der B-Zellen rStxB1 in grosserem
Umfang banden, war eine geringfiigige Bindung lediglich bei eibeittel der CD4 T-
Zellen und einem Viertel dgdT-Zellen zu beobachten.

Nach Extraktion von neutralen GSLs aus stimulierten PBMC erkaBm&1 spezifisch
eine Doppelbande von Zeramid-Trihexosiden (siélfg. Hinweise dafir, dass bovines
Ghy/CD77 auch in der physiologischen Membranumgebung rStxB1 binden kann,rergabe
sich aus dem Nachweis von rStxBl/anti-CD77-doppelt positiven Zelleerdikigs war die
rStxB1-Bindung nicht strikt mit der Fahigkeit der Zellen korrelagen Antikdrper 38.13 zu
binden. So war zu Beginn der Aktivierung (2. Inkubationstag) eine CD77-wegati
Zellpopulation nachweisbar, die rStxB1 binden konnte. Im weiteren Vedtufktivierung
(bis zum 6. Inkubationstag) trat dann verstarkt eine Population von Zeifedie zwar anti-
CD77, aber nicht rStxB1 zu binden vermochte. Nahere Untersuchungen am 4tibnisthag,
an dem die Populationen der CD7Zellen mit und ohne rStxB1-Bindungsvermogen etwa

gleich gross waren, zeigten, dass rStxB1 die nachfolgende BjrithenCD77-Antikdrpers an
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die Zellen partiell blockieren konnte. Bemerkenswerterweise korimiba Konzentrationen
an rStxB1 den CD77-Antikdrper auch wieder von seiner Bindungsstelleangeiy, wenn
rStxB1 nach anti-CD77 zu den Zellen gegeben wurde. Offensichtlmtinggrte zu diesem
Zeitpunkt der Aktivierung ein grosser Teil der Lymphozytens-8lolekile mit einer fir
rStxB1 erheblich hoheren Affinitat als fur anti-CD77 38.13. Anderexsgdren auch bei
hohen rStxBl-Konzentrationen noch CDZellen nachweisbar, was auf eine zweite
Population von Zellen hindeutet, derens@kolekile eine besonders hohe Affinitat fir anti-
CD77 38.13 besitzen. Hinweise auf eine dritte Population von Zellenbgiv@Glekilen, die
eine vergleichbare Affinitat fur rStxB1l und anti-CD77 besitzen, m¥gasich aus der
Beobachtung, dass im mittleren getesteten Konzentrationsbereich rSB1 eine
Kompetition der Liganden um Bindungsstellen nachweisbar war.

Sowohl rStxB1 als auch der CD77-Antikdrper 38.13 erkennen spezifisclemheimalen
Galabioserest (Gal(l-4)Gal) der GpMolekile (176, 357). Allerdings zeigten Chagk al.
(32) kurzlich, dass sich die von StxB1 bzw. dem monoklonalen Antikérper erkannte
Kohlenhydratepitope geringflgig unterscheiden. Darliberhinaus wird Baidung der
Liganden aber auch durch die Membranumgebung des $BWie dessen Lipidanteil
beeinflusst (32). Der Nachweis von drei Populationen boviner LymphozytenGldie
Molektle mit unterschiedlicher Affinitat fir die Liganden expsn@n, beruht in der Tat
vermutlich auf unterschiedlichen Fettsauremustern in dep-Mslekilen. So fanden
Pellizzariet al. (248) in menschlichen Nieren gboleklle, die C16-Fettsauren enthielten
und eine deutlich héhere Affinitat fir Stx1 besassen als anderenidefaihexoside. Auch
die Fettsdureanalyse boviner &Wolekile ergab, dass C16-Fettsduren nur in einer sehr
frihen Phase der Lymphozytenaktivierung dominierten ($6eh@ und6.3). Dies deckt sich
mit der Tatsache, dass rStxBl-bindende Lymphozyten vor allem zarBdgr Inkubation
nachweisbar waren (siel@&e3) und erklart, warum die Zellen nur in dieser Phase besonders
sensibel fur Stx waren (siebe2.1und6.6).

5.1.3.2 Internalisierung von Stx1 und rStxB1

Die Zielstrukturen fur die enzymatische Wirkung der Shigatosine die Ribosomen
(63), die von den Toxinen nur erreicht werden kénnen, wenn sie tber Clathmantette
Membraneinziehungen nach Gruppierung sonst zuféllig verteilterBiStdungsstellen
internalisiert wurden (127, 286). Obwohl der Anteil boviner LymphozytenGGiegMolekiile

mit hoher Affinitat fir Stx exprimierten, vor allem zu Beginn édttivierung der Zellen am
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gréssten war, war noch am 4. Inkubationstag ein Teil der nachweisbbayé&moleklle in der
Lage innerhalb von 30 min die Internalisierung des Shigatoxins 1 zu tem{gieheb.5).
Dies belegt, dass auch beim Rind prinzipiell ein an/@b77 gekoppelter Translokations-
mechanismus existiert. Allerdings liessen sich nicht nur 30 moh Zaigabe der rStxBl
(sieheb.H), sondern auch noch nach mehrtagiger Inkubation (nicht gezeigt) @beiéache
der Lymphozyten gebundene rStxBl-Molekile nachweisen. Mdoglichervexigamieren
Lymphozyten des Rindes 2 Populationen von Stx-Rezeptoren wie sits lvereiLindberget
al. (176) fur andere Zellsysteme postuliert und inzwischen durch StadreRunktion des
humanen Stx-Rezeptors bestétigt wurden (178). Demnach ist eineristdsrRezeptors nur
zur Bindung des Liganden in der Lage, wéahrend eine andere, magkibe in sehr viel

geringerer Zahl vorhandene Isoform die Internalisierung des Toxins \atmitt

5.1.3.3 Einfluss Stx-spezifischer Antikdrper auf Bindung und Iternalisierung
von rStxB1

Auch bei den Tieren, von denen fiur die nachfolgend beschriebenensutiiengen
Lymphozyten gewonnen wurden, waren wie bei vielen adulten Rindern {&8Korper
nachweisbar, die die Stx1-Wirkung auf Vero-Zellen neutralisieren konBtm Vergleich
der Grenztiter der Seren und dem Ausmass der Stx1-Wirkung aufhieelsce
Lymphozyten-Subpopulationen in PBMC-Kulturen dieser Tiere (steBd, 5.2.3bzw. 6.6)
ergab sich jedoch kein signifikanter Zusammenhang ($iebe Da préparationsbedingt die
PBMC von anderen Komponenten des Blutes inkl. der Immunglobuline getreensuatit
worden waren, stellt die Empfindlichkeit gegenltber Stx1 also etn@gische Eigenschaft
der Lymphozyten dar und ist unabh&ngig vom Immunstatus eines einzelnen Tieres.

Allerdings ergaben sich Hinweise auf einen mdglichen EinflussAdgsantwort durch
die widerspruchliche Wirkung des murinen anti-StxB1-Antikdrpers 13C4,Isiéi@dell fur
Stx1-spezifische Immunglobuline verwendet wurde. So fiihrte die Pratndoban Stx1-
Holotoxin mit einem molaren Uberschuss des Antikdrpers zwar zu ewistandigen
Blockade sowohl der nachweisbaren Bindung als auch der Wirkung destd®mg 1 auf
bovine Lymphozyten (siehé.5. Die Prainkubation von rStxB1l mit geringeren als
equimolaren Mengen des Antikdrpers fuhrte aber zu einer verstarktéang von rStxB1l an
die Oberflache der Zellen. Dieser Effekt beruhte zumindest Zeinauf dem Erhalt der
Bindungfahigkeit von rStxB1/Antikorper-Komplexen und war nicht durch die Bin@dumnigc-
Rezeptoren bedingt. Sich anschliessende Internalisierungsversiletieiedass auch diese
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rStxB1/Antikorper-Komplexe noch von den Zellen endozytiert werden konnten.
Uberraschenderweise verhinderte der Antikorper die Internalisiejeshoch vollstandig,
wenn die Antigen-Antikdrper-Reaktion erst stattfand, nachdem rStxBditbean seinen
Rezeptor gebunden hatte (si€hB).

Erfolgt eine aktive oder passive Immunisierung gegen Stx vor exgerimentellen
Infektion mit STEC, kdnnen in einer Reihe von Infektionsmodellen diesudhistiere vor
klinischen Symptomen als Folge der Infektion geschitzt werden (54, 189, S&7).
spezifische Antikdrper beugen auch beim Menschen der Entwicklung d8svidr (141,
174). Allerdings ist in der Literatur immer noch umstritten, ob pletektive Effekt der
Antikorper auf der Verhinderung der Bindung oder der Verhinderungnternalisierung der
Shigatoxine beruht. Nakaet al. (226) berichteten, dass Stx2-spezifische monoklonale
Antikorper die Rezeptorbindung blockieren. Sowohl Lindbetrgl. (176) als auch Eiklid &
Olsnes (59) zeigten, dass Zellen durch die Zugabe von Antiserum madint geschtzt
werden kdnnen, wenn die Rezeptorbindung bereits stattgefunden hat. Ims&egeazu
konnten Sandvigt al. (286) aber Zellen zumindest teilweise schitzen, wenn das Antiserum
bis zu 15 min nach Toxinbindung zugegeben wurde. Ahnliche Beobachtungéenvairch
an humanen mikrovaskuldren Endothelzellen gemacht (128). Da der murine onatekl
anti-StxB1 zumindest in hohen Antikérper/Antigen-Verhaltnissen diexBiSBindung
effizient verhinderte, kénnten die hohen Stx-spezifischen Antikorpertier bei Rindern
beschrieben wurden (18, 137, 255), durchaus protektiv sein. Allerdings scheinen die
Antikorper die Wechselwirkung zwischen Stx und seinem Rezeptor zufloesen. So
konnten rStxBl/anti-StxB1-Komplexe, die sich in Losung gebildet hattendeanZellen
auch endozytiert werden, wahrend solche, die sich erst nactedeptBrbindung der rStxB1
ausbildeten, auf der Zelloberflache verblieben. Da bovinegQBiF7 in verschiedenen
Isoformen vorkommt und eine einzelne B-Untereinheit Uber bis zu wabhéngige
Ghbs/CD77-Bindungstellen verfugt (11), kbnnte die Erklarung fur diese scttede in der
Benutzung einer alternativen Bindungsstelle im rStxB1 oder eim@eren Rezeptorisoform
liegen. Durch StxBl-spezifische Antikorper verursachte StérungenLigand/Rezeptor-
Interaktionen kdonnten auch in einer Veranderung der biologischen Wirkerghagatoxins 1
resultieren, da die drei Rezeptor-Bindungsstellen z.B. des Shigstbxnit unterschiedlichen
biologischen Wirkungen in Verbindung gebracht wurden (363). Ausserdem wirdardre
subinhibitorische Konzentrationen von StxB1-spezifischen Antikdrpern veestBiktlung
des Shigatoxins 1 an bovine Lymphozyten die Maskierung oberflachliGhgCD77-
Molekule verstarken. Obwohl der physiologische Ligand fug/GD77 beim Rind noch

67



5. Ergebnisse und Diskussion

unbekannt ist, darf vermutet werden, dass diese Maskierung die Weadhsajjen zwischen
Immunzellen und von Lymphozyten mit anderen Zellen im Gewebsitu erheblich
beeintrachtigt (195). Der Nachweis Stx-spezifischer AntikdrpeiSenum von Rindern ist
damit nicht mit einem effizienten Schutz vor der immunsupprimierentl@kung der
Shigatoxine gleichzusetzen. In der Tat korrelieren die AntikOrpertiteder mit der

Elimination des Erregers noch mit einem Schutz vor Reinfektion (137).

5.2 Mechanismus der Wirkung des Shigatoxins 1 auf pphere

Lymphozyten des Rindes

5.2.1  Wirkung von Stx1 auf die Proliferation CD77-Lymphozyten

Eine Reihe von Studien, die sowohl experimentelle Infektionen als auwdturdéh
lymphoblastoider Zellen umfassten, konnten immunmodulatorische Effekt®higatoxine
aufzeigen (36, 40, 321). Der diesen Effekten zugrundeliegende Mechansmadoch
bislang an Primarkulturen kaum untersucht worden. Bei der induzierbaprasgion von
CD77 auf der Oberflache boviner Lymphozyten stieg der Anteil CiZéllen in der
Population der Non-Blasten und vor allem in der Population der Blasten kortofua, um
am 4. Inkubationstag sein Maximum zu erreichen. Funktionelle Untersuchumie
gereinigtem Stx1 zeigten, dass bereits die Anwesenheit von &ixINanogramm-
Konzentrationsbereich (im Verozell-Test ermittelte 200s400l; 1 verozytotoxische Dosis
50% entspricht 0,4-0,8 pg/ml gereinigten Shigatoxins (244)) die Zahl GD&ilen in der
Blasten und Non-Blasten-Population drastisch reduzierte (8iéhe

Allerdings wurden nicht alle CD7#Zellen aus den Kulturen eliminiert. Noch nach
achttagiger Inkubation mit Stx1 waren vitale CDTymphozyten nachweisbar (sieled).

In der frihen Phase der Kultivierung exprimierten in AnwesenheiSioh sogar signifikant
mehr lebende Non-Blasten das CD77-Antigen als in Kulturen mit8tadlanti-StxB1 13C4.
Da die Zugabe von Stx1l auch die durchschnittliche Zahl an CD77-Molekilemeauf
Oberflache der verbleibenden Zellen reduzierte, konnte Stx1 einaletalen Effekt in den
Kulturen ausiiben und selektiv die SBD77"9""-Zellen eliminieren. Eine Korrelation
zwischen der Zahl der oberflachlichen #&D77-Molekile und der Empfindlichkeit von
Zellen fiur Stx1 wurde bereits fiur Zelllinien beschrieben (59)lerdings geht in
Primarkulturen boviner Lymphozyten die signifikante Reduktion der zedlar
Stoffwechselaktivitat durch Stx1 nicht mit einen Anstieg der Zapbptotischer oder
nekrotischer Zellen einher (207). Weiterhin reduzierte Stx1 denlAD¥ 7 -Zellen auch in
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der Population der Non-Blasten, die sich wahrend der gesamten Inkubatialurch eine
niedrige bis moderate CD77-Expression auszeichneten Giglde Da bovine Lymphozyten
hochaffine Stx-Rezeptoren nur transient in einer frihen Phase dereAktg exprimierten
(siehe5.1.3, wirkte das Stx1 vermutlich nur auf eine vergleichsweise ki2até von Zellen
zwischen den CD7 - und CD77"°%" Stadien der Aktivierung. Die betroffenen Zellen
verharrten dann entweder in diesem Zustand oder leiteten die Apoptoseobei sie
voriibergehend CD77 auf hohem Niveau exprimierten. Dies konnte die eZat€D77
Non-Blasten in Stx1-supplementierten Kulturen erklaren (steBe Fur eine Wirkung des
Shigatoxins 1 auf wenige, CD77 nur moderat exprimierende Lymphozytehtspuich, dass
sich der Effekt des Shigatoxins 1 weder qualitativ noch quantitégnifikant anders
darstellte, wenn die Zugabe des Shigatoxins 1 erst am 3. Inkubagianstzorstimulierten
PBMC-Kulturen erfolgte, in denen viele Zellen einen Cﬁ?‘?—Phénotyp aufwiesen. Auch
unter diesen Versuchsbedingungen waren noch tagelang "@BUW@n in Stx1-
supplementierten Kulturen nachweisbar. Da sich auch die Struktuslg&zD77-Molekule
im Verlauf der Aktivierung verdnderte (sieh®.1.2, wurden bovine Lymphozyten
offensichtlich wieder refraktéar gegentber Stx1l, wenn sie den Aktingsprozess uber
CD77"" - und CD77"°%"*_Stadien bis zum CD7¥*"-Stadium durchlaufen haben.
Unabhéngig von der Empfindlichkeit verschiedener Lymphozyten-Subpopulationen
gegenuber Stx1 betraf die Reduktion der Zahl der CiZéflen alle Subpopulationen
gleichermal3en. Das bovine Immunsystem zeichnet sich damit dunehbeeite zellulére
Verteilung der Empfindlichkeit gegentber Stx1 aus. Dagegen besclsighkbei humanen
Lymphozyten die Wirkung des Shigatoxins 1 auf das B-Zell-Kompartin{40, 198).
Andererseits fehlen Rindern im Gegensatz zum Menschen Rezeptoredtx in der
Mikrovaskulatur (260). Mdoglicherweise stellt also bei Rindern dasnunsystem das
wichtigste Zielorgan fir Stx dar. Bedingt durch die nur treams Empfindlichkeit boviner
Lymphozyten blockieren STEC durch die Sekretion der Shigatoxine ddaeEntstehung
einer adaptiven Immunantwort, als eine vorhandene Immunantwort waadanterdrticken.
Dies ist aus Sicht der Keime sehr effizient, da fur die iang einer dann noch kleinen Zahl

an Zielzellen geringe Toxinmengen ausreichen wirden.
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5.2.2  Wirkung der B-Untereinheit

Obwohl der B-Untereinheit des Shigatoxins 1 die enzymatischieitdktdes Holotoxins
fehlt, hatte sie auf bovine PBMC-Kulturen einen dem Stx1-Holotoxigleehbaren Effekt.
Noch in einer Konzentration von 20 ng/ ml war ein reduzierter AnteilQiz77 -Blasten
nachweisbar. Die Reduktion beruhte damit nicht auf einer Maskierun@ié7-Molekule
(siehe6.5). Uber eine von den B-Untereinheiten der Shigatoxine induzierte und von de
Zelloberflache ausgehende Signaltransduktion wurde bereits wiedevbalt anderen
Arbeitsgruppen berichtet (5, 138, 145). Allerdings spricht die Tatsaldss anti-StxB1-
Antikorper unter bestimmten Bedingungen die Bindung von rStxB1 an bovinpHozwten
erhohten (sieh&.1.3.3 ohne die biologische Wirkung der rStxB1 zu verstarken (Daten nicht
gezeigt) dagegen, dass ein Signal ausschliesslich von der Bindungtxiet ausgeht. Da
selbst die B-Untereinheit zytoletal wirken kann, wenn sie innerkalb transfizierten
eukaryontischen Zellen exprimiert wird (224), ist die Aufnahme r$&kB1 in bovine
Lymphozyten mdglicherweise zwingend erforderlich. Allerdingsremafir die rStxBl-
Wirkung deutlich hohere Konzentrationen erforderlich als bei Verwendursg Siel-
Holotoxins. In anderenin vitro-Systemen sensibilisiert Stx durch die Hemmung der
Proteinbiosynthese die Zellen gegenlber Signalen von der Zellabexfl®iese Signale
konnen dann noch durch geringste Mengen der B-Untereinheit ausgeldsin und starten
das Apoptoseprogramm (144, 197). Stx1 induzierte bei bovinen Lymphozytenkeinar
Apoptose, vor der vollstdandigen Hemmung der Proteinbiosynthese sch&digth®t die 28S
rRNA, worauf einige Zellen mit einer ,ribotoxic stress resgdneagieren (337). Signale, die
von der Bindung der B-Untereinheit (oder ihres Pentamers) an abdidties GHCD77
ausgehen, wirden damit mit der Induktion von Genen der Sofortantwort nacialisterung
des Stx-Holotoxins zusammenwirken. Beides kdnnte zum supprimierendekt HEés
Shigatoxins 1 auf bovine Lymphozyten beitrag&hl{. 5.2).
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5.2.3 Wechselwirkung mit ausgewahlten Zytokinen

Die letale Wirkung von Exotoxinen auf Zellen des Immunsysterisit zzu den
Mechanismen mit denen sich pathogene Bakterien innerhalb ihres sWaitgen
Uberlebensvorteil sichern (33). Allerdings haben viele baktefiitaoxine, die urspringlich
uber ihre zytoletalen Effekte definiert wurden, zusatzlich auobulrerende Eigenschaften
(299). Die Fahigkeit die Synthese oder Sekretion pro- oder anti-imi@onischer Zytokine
anzuregen, kann dabei fir die Pathogenese der induzierten Erkrankuridnmiok grosse
Bedeutung haben wie die eigentliche zytoletale Wirkung (107). Sot spigr in der
Pathogenese des HUS die Stx-bedingte Schadigung von Endotine&akewichtige Rolle
(246, 259), der Umfang der Organschadigungen hangt aber wesermhcller lokalen
Induktion verschiedener Zytokine und Chemokine in den toxingeschadigtenb&evad
(246, 259, 333, 334). Da Stx1l die Mitogen-induzierte Proliferation bovinemphgayten
inhibierte, aber keinen zytoletalen Effekt ausloste, sollte detussmfiusgewahlter Zytokine
auf die Proliferation in Anwesenheit und Abwesenheit von Stx1 aufgeklart werden.

TNF-a wird von humanen Monozyten als Reaktion auf eine Stimulation mit Stx
freigesetzt und sensibilisiert benachbarte Endothelzellen gegedéibeytoletalen Wirkung
der Shigatoxine (341, 343). Da Pré&parationen boviner PBMC bis zu 15 % Memozyt
enthalten (207), wéare denkbar, dass die Stxl-induzierte Hemmund.ydgshozyten-
proliferation nur die indirekte Folge der Freisetzung von TNRBus Monozyten war.
Allerdings verstarkte die Zugabe von rekombinantem bovinem dNfeder die CD77-
Expression der Lymphozyten noch konnte es den Effekt des Shigatoxinsahmach(siehe
6.6). IFN-a bindet an seinen Rezeptor (IFNAR) nur dann, wenn dieser in der hochaffine
Form komplexiert mit GYCD77 vorliegt (86). Wegen der partiellen Homologie zwischen
dem bovinen IFNAR und StxB1l (86) erschien es denkbar, dassulkNed Stx1 sich
gegenseitig in ihrer Wirkung durch Stabilisierung bzw. Destabilisgg des GH¥CD77-
IFNAR-Komplexes beeinflussen koénnten. Allerdings zeigte sich, das$FM-0 den
inhibitorischen Effekt des Shigatoxins 1 konzentrationsabhangig noch weittarkte. Dies
spricht daflr, dass beide Substanzen getrennte SignaltransduktionswegerbeDat Stx1
auch die Expression des bovinen IL-2-Rezeptors (CD25) verstarkt unchgestlg207),
konnte der Effekt des Shigatoxins 1 auch auf einer Blockade deriparakiolL-2-Sekretion
beruhen, die z.B. bei humanen Lymphozyten durch das Produkt lithessens
enteropathogeneE. coli ausgelost wird (159, 160). Exogenes rbolL-2 konnte jedoch den

inhibitorischen Effekt des Shigatoxins 1 auf bovine Lymphozyten nicht aufheben.
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5.3 Identifizierung und Charakterisierung boviner intestinaler

Zielzellen fur Shigatoxinlin vitro

5.3.1 Granulozyten

Erst in jungerer Zeit wurde die lokale Bedeutung der Granuloayte®arm bei der
Pathogenese der humanen HC und des HUS deutlich (259). So ve&ixgdas Einsetzen
der Apoptose in humanen Granulozyten (184) und beschleunigt die Bildung neaktive
Sauerstoffmetaboliten, die dann zum Gewebsschaden in der intestviak®sa beitragen
kobnnen (153). Daruberhinaus induziert Stx aber auch die Freisetzung dnaktvat
Substanzen aus Epithelzellen (338, 365) und verstarkt die Transmigratiorrammuldyten
durch die Epithelzellschicht (117). Beides tragt nicht nur zur Ektwig der intestinalen
Entziindung bei, sondern ist vermutlich die Voraussetzung fur die Resogignifikanter
Mengen der Shigatoxine aus dem Darmlumen (259). Es gibt sogar Anhaltsgafiktedass
die Granulozyten nach Durchtritt der Toxine durch die Darmschramkeefil Transport der
Shigatoxine zu den sensitiven Organen wie den Nieren verantwortlich zeichnen (332)

In erster Linie sind Granulozyten jedoch Effektorzellen deslmorgaen Immunsystems,
die zur Begrenzung der mukosalen Kolonisation durch Bakterien beitré8@h).
Granulozyten infiltrieren die Kolonmukosa STEC-infizierter Kalb@95), doch ihre
Bedeutung fir den Verlauf der STEC-Infektion ist noch unklar. DddeReintestinaler
Entziindungserscheinungen bei STEC-infizierten adulten Wiederkduern konraef da
hindeuten, dass die Granulozyten hier nicht in die Mukosa gelockt und duretktStert
werden. In der Tat ist die Entzindung, die durch bestimmte STEC-Stamiarmligatur-
test bei Kalbern ausgel6st wird, unabhangig von der Expressiostdgatoxins 1 (313).
Demnach konnten sich die Granulozyten der Wiederkauer grundsatzlich ven des

Menschen unterscheiden, indem erstere gegentber Shigatoxinen resistent sind.

5.3.1.1 Stx-Rezeptor-Expression durch Granulozyten von Rindern un8chafen

In Ubereinstimmung mit dieser Hypothese zeigten beispielHafteersuchungen mit
Granulozyten aus dem peripheren Blut, dass Granulozyten beim Rind keiRezgptoren
exprimierten (sieh&.9). Die Zellen waren weder in der Lage anti-CD77 noch rStxBl zu
binden. Auch die Stimulation mit LPS, die die Expression anderer [@tdeehantigene wie
CD11b auf bovinen Granulozyten verstarkt (53), konnte keine CD77-Expressioneneduz
Eine mogliche Altersabhangigkeit wie fir Darmepithelzelles #aninchens beschrieben

73



5. Ergebnisse und Diskussion

(211) konnte durch die Untersuchung der Granulozyten von 1-3 Wochen altennKéalber
ebenfalls ausgeschlossen werden. Auch Granulozyten, die durch uli®iBh-Schranke
migriert waren und sich dadurch in einer Reihe zellularer FunktionerBitdgranulozyten
unterscheiden (306), exprimierten kein CD77.

Im scharfen Gegensatz dazu konnten Granulozyten aus dem Blut vorerScthiaf
vergleichend untersucht wurden, sowohl den anti-CD77-Antikérper als audblr8imden
(sieheb.9), ohne dass dafur eine weitere Stimulation der Zellen notwenaligiie rStxBl
vermochte nicht nur die nachfolgende Bindung des Antikorpers vollstandwgrhindern,
sondern konnte bereits die von den Zellen gebundenen Antikorper wiedemgerdrauch
alle Granulozyten in der Milch von Schafen exprimierten CBX#viivo Die Struktur des
ovinen CD77 ist biochemisch noch nicht untersucht, aber es scheint beiadeio@yten nur
eine Klasse von Stx-Rezeptoren voms@GID77-Typ vorzukommen. Damit unterscheiden
sich die Granulozyten dieser Spezies nicht nur von denen des Rindes, sondern auch von denen
des Menschen. Letztere besitzen einen bislang nicht naher ehisiakien niedrig affinen
Stx-Rezeptor, der biochemisch nicht mits&D77 identisch ist (332).

5.3.1.2 Einfluss von Stx1 auf granulozytare Funktionen

Die Inkubation boviner Granulozyten mit Stk vitro fir bis zu 18 Stunden hatte
keinerlei Einfluss auf die Vitalitat der Zellen, ihre phagozytéktivitat oder Stimulierbarkeit
(siehe6.9). Vor dem Hintergrund der Bedeutung einer Stx-bedingten Aktivierung humane
Granulozyten fur die Pathogenese des HUS, hilft die offensichti®bsistenz boviner
Granulozyten fur das Toxin zu erklaren, warum STEC-Infektionenchdiem Rindern keine
klinischen Erscheinungen hervorrufen.

Auch bei Granulozyten von Schafen flihrte die Inkubation mit Stx1 ragheiner
Aktivierung der Zellen (sieh&.9). Zwar war die Phagozytoseaktivitdt der Zellen etwas
erhoht, nachdem sie 18 Stunden dem Holotoxin ausgesetzt waren, jedocghriediiese
Behandlung gleichzeitig das Vermdgen der Zellen Sauerstothwiétn zu produzieren. Den
deutlichsten Effekt hatte Stx1 in diesem Zeitraum auf diali¥4t der Zellen, indem es den
Anteil frihapoptotischer Zellen verdoppelte, wahrend rStxB1 keine nasibavei Wirkung
besass. Der ovine @ID77-artige Rezeptor schien dabei die Wirkung des Toxins auf
Granulozyten anders zu vermitteln als der niedrig affine Rezaptdrumanen Granulozyten.
Wahrend bei ovinen Zellen die Wirkung offensichtlich von der enzymatiséhewung des
Toxins abhing, die eine Internalisierung des Toxins voraussetzte, g humanen
Granulozyten die Superoxyd-Bildung bereits durch die Bindung der SteBtbrg (153).
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Auch kann bei humanen Granulozyten die Verzégerung des EinsetzeApaggose durch
Stx2 durch Proteinkinase-Inhibitoren blockiert werden (184). Dies irmaflidie Existenz
eines Signalweges, der von den Stx-Rezeptoren auf der Zelloberéiéisigeht und bei
humanen B-Lymphomzellen mit @D77 assoziiert ist (326), bei Granulozyten des Schafes
aber offensichtlich fehlt. Zweifelhaft ist, ob die Apoptose-Induktion kiui&tx einen
unmittelbaren Vorteil fur die STEC bei der Kolonisation im Schafdatarstellt. Ein
antiphagozytarer Phanotyp kénnte zwar zur Persistenz der Infekttoageei, indem er die
antimikrobielle Aktivitdt der Granulozyten auf der Schleimhaut resttizder verhindert,
dass die Bakterien durch M-Zellen zu Strukturen des darmassazii&chleimhaut-
Immunsystems transportiert werden (64). Allerdings trat eigeifdédiante Wirkung des
Shigatoxins 1 auf ovine Granulozyten erst nach 18-stiindiger Einwirkur(giahe6.9). Die
Phagozytose von Bakterien durch Granulozyten bengétigte jedoch nur viinigeen (siehe
6.1) und enteropathogenk. coli kdnnen die Phagozytose durch Makrophagen bereits
innerhalb von 120 min durch Produkte dEskodierten Typ llI-Sekretionsapparates
inhibieren (89). Wenn diese molekularen Wechselwirkungen auch nach Kowntakhen
lee-positiven STEC-Stdmmen und phagozytierenden Zellen des Schafesemaplistifder

protrahierte Effekt des Shigatoxins 1 wahrscheinlich irrelevant.

5.3.2 Lymphozyten in mesenterialen Lymphknoten

Beim Rind ist die Expression von CD77 durch Lymphozyten des systanideils des
Immunsystems nicht auh vitro-Bedingungen beschrankt. So war dieses Antigen auf vielen
B-Zellen aus den Keimzentren von Mesenteriallymphknoten ebenso ndchmweir auf
CD4" sowie CD&" T-Zellen aus diesen Organen (si€h®.

5.3.3 Intraepitheliale Lymphozyten

Bei der lokalen Wirkung der Stx auf intestinale ImmunzellenRlades dirfte allerdings
intraepithelialen Lymphozyten (IEL) eine entscheidende Bedeutung rm&omda sie die

ersten Immunzellen sind, die luminal gebildetes Stx erreichen kann.

5.3.3.1 Stx-Rezeptorexpression durch Subpopulationen

Nach Gewinnung der Zellen aus der Mukosa des lleums adulter Riad€D77 auf der

Oberflache aller untersuchten Lymphozyten-Subpopulationen einschhedsliaT-Zellen
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und derydT-Zellen ex vivonachweisbar (sieh@.7). Im Durchschnitt exprimierten ca. 15 %
der IEL CD77, jedoch unterschieden sich die Subpopulationen hinsichtliclt ihre
Expressionstarke erheblich. Der iiberwiegende Teil der GEZIEL stellte sich als
aktivierte, reife T-Zellen dar, die CD3, CD6, ACT-2 und @Dexprimierten. Auch COB
T-Zellen und Subpopulationen v@aT-Zellen (WCZ, TcR1-N7) zeichneten sich durch eine
starke Oberflachenexpression von CD77 aus. Allerdings koexprimizatet0 % der CD$"
T-Zellen CD77 aber nur ca. 18 % der D8T-Zellen. Obwohl die durchschnittliche
Nachweisstérke fur CD77 zwischen verschiedenen IEL-Praparationenvédschiedenen
Spendertieren) schwankte, zeichneten sich ‘CD#Zellen und B-Zellen (CDZ]
membranstandiges 1gY durchgéangig durch eine nur geringradige CD77-Expression aus.
Wie schon bei peripheren Lymphozyten konnten auch bei IEL drei PopulationeteNemn
nachgewiesen werden, die entweder anti-CD77, rStxB1 oder beide éighimdlen konnten.
Die Uberwiegende Expression anti-CD77 bindender Isoformen deswelst auf einen
aktivierten Zustand der Zellen hin. In der Tat war der Aktivieroregker ACT-2, der von
Waterset al. (348) zur Bestimmung des aktivierten Phéanotyps boviner IEL verwenadew
bei ca. 40 % de IEL nachweisbar. Jedoch korrelierte die CD77-Exmmericht mit der
Expression verschiedener anderer Aktivierungsmarker (§efheCD77 war vor allem auf
den TcR1-N7 und WC1T Subpopulationen dgdT-Zellen vorhanden. Eine weitere Analyse
dieser Zellen ergab, dass GD&on ca. 30 % alleydT-Zellen (TcR1-N12) koexprimiert
wurde, wohingegen nur ca. 18 % der TcR1-NZg2llen CD$ koexprimierten. Demnach
stellten vermutlich CD&ax Homodimer-positiveydT-Zellen, die bereits von Wyatt al.
(364) beschrieben wurden, und moglicherweise anderenCIE. die Subpopulationen mit
den hochsten Anteilen CD77-positiver Zellen dar. Bei Mausen und Menschihtbeie
Hauptfunktion CD8&B" apT-IEL in der Lyse infizierter Zellen, wahrengdT-IEL (und
moglicherweise CD&8a* ofT-IEL) die Regeneration der Epithelzellschicht stimulieren.
Obwohl die Funktionen boviner IEL bislang wenig untersucht sind, |lagstsgpiekulieren,
dass die STEC durch eine Stx-vermittelte Schadigung died@rtZsowohl auf lokale
Immunreaktionen als auch auf die stetige Erneuerung der Epiteeliehit Einfluss nehmen.
Tatséchlich wurden beide Aspekte bereits mit dem persisterttarakier boviner STEC-
Infektionen in Verbindung gebracht (siehd.4 (190).
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5.3.3.2 Wirkung von Stx1 auf die Aktivierung

Trotz ihres aktivierten Phanotyps sprechen IEL allgemein schiagheine mitogene
Stimulationin vitro an (218). Trotzdem gelang es durch verschiedene Stimuli in Kulturen
boviner IEL die Transformation zu Blasten zu induzieren (s&fe Vergleichbar mit den
bei peripheren Lymphozyten beobachteten Wirkungen inhibierte Stx1 auchdieier
Transformation und reduzierte den Anteil von Zellen mit BlastagearMorphologie binnen
72 Stunden. Die Reduktion betraf vor allem den Anteil CEZ&llen innerhalb der Blasten,
aber auch CD77Non-Blasten.

Bemerkenswerterweise unterschied sich die zellulare Wergevon CD77 bein vitro
stimulierten |IEL erheblich von deex vivo beobachteten Verteilung. Nach Inkubation
exprimierten vergleichbare Anteile der GiD8 und CD®'-IEL das CD77-Antigen. Der
héchste Anteil CD77-positiver Zellen fand sich nun jedoch bei den" @E2ellen und den
CD21" B-Zellen. Demnach ist prinzipiell jede Subpopulation boviner IEL zD7T
Expression in der Lage.

5.3.3.3 ,Naturliche Killerzell-Aktivitat“ in Anwesenheit von Stx1

Um die Auswirkungen des Shigatoxins 1 auf die mukosale Immunantvesser
verstehen zu konnen, wurden die IEL auch funktionell charakterisiert. Vet&vendung
einer bovinen B-Lymphomzelllinie als Zielzellen konnte dabei alstgezeigt werden, dass
IEL des Rindes Uber eine MHC-unabhangige zytotoxische Aktivitdtligen. Diese
.Natirliche Killerzell-Aktivitat* wurde durch Inkubation der Zeh mit Stx1 jedoch nicht
beeinflusst (sieh6.7).

5.3.3.4 Expression von Chemokingenen in Anwesenheit von Stx1

In bovinen IEL waren Transkripte fur eine Reihe von Chemokin-Genes, (IP-10,
MCP-1) ex vivq aber auch nach Kultivierung der Zellen, nachweisbar (s&ié).
Migrationsstudien mit bovinen Granulozyten belegten, dass IEL auch oelteaktive
Substanzen synthetisieren und sezernieren kdonnen. Damit ist eysgeadigt, dass auch
beim Rind den IEL eine aktive Rolle bei der Rekrutierung von Immumegildie intestinale
Mukosa zukommit.

Allerdings war Stxln vitro weder in der Lage die Transkription vi8, ip-10 odermcp-

1 noch die Sekretion chemoattraktiver Substanzen zu beeinflussen Gidhe Dieser
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Befund sowie die Tatsache, dass auch bovine Kolonepithelzellen durthnistx zur
Sekretion granulozytotroper Chemokine angeregt werden (Si8h#, steht im Einklang mit
Ergebnissen vom vivo Studien, die zeigten, dass Stx1 nicht an der Entstehung intestinaler
Entziindungserscheinungen bei STEC-infizierten Kalbern beteiligBis3). Dies darf als
weiterer Beleg dafiir gelten, dass, im Gegensatz zu EHECibniekt des Menschen, Stx1

bei STEC-Infektionen des Rindes nicht als Virulenzfaktor mit pr@amfhatorischen

Eigenschaften fungiert.

5.3.3.5 Wirkung von Stx1 auf die Transkription von Zytokingenen

Auch eine Reihe vongFPrototyp-Zytokinen (IL-2, IFNy, IL-4, IL-10 und TGFB) wurde
von bovinen IEL aus dem lleum transkribiert. Untersuchungen mittefgitpiaver “real-time
RT-PCR” zeigten allerdings, dass Stxlvitro keinen Einfluss auf den Gehalt der Zellen an
MRNA fir die pro-inflammatorischen yI-Zytokine IL-2 und IFNy oder das anti-
inflammatorische §3-Zytokin TGFf hatte (sieh®.10. Die Behandlung mit Stx1 veranderte
auch nicht den Gehalt aR10-spezifischen Transkripten, auch wenn diese insgesamt nur in
sehr geringer Zahl nachweisbar waren. In deutlichem Gegedaat induzierte Stx1 eine
starke Zunahme an mRNA fir dagZFZytokin IL-4. Ein solcher Effekt, der 6 bis 8 Stunden
nach Kontakt des Shigatoxins 1 mit den IEL sein Maximum erreigvde,bereits nach 4
Stunden nachweisbar. Obwohl sich IEL-Praparationen von mehreren Tierehrer
Empfindlichkeit fir Stx1 unterschieden, reichten bereits sehrgeKonzentrationen (66, 22
und sogar 7 verozytotoxische Dosen 50 % pro ml) fur eine Induktion aus. itkandy des
Shigatoxins 1 war so stark, dakg-spezifische Transkripte zur haufigsten mRNA-Spezies in
den IEL wurden. Die Zahl del-4-Transkripte Uberstieg nach 6 Stunden sogar um das 10-
fache die Zahl detgf-S-Transkripte, die in Toxin-freien Kulturen die dominierende mRNA
darstellten. Da Grogaet al. (92) fur murine T-Zellen zeigen konnten, dass die Aktivierung
der Zellen binnen Stunden zu einer verstarkten Transkriptionlsofiihrt, kbnnte auch die
Erhéhung deril-4-mRNA in bovinen |IEL das Resultat einer durch Stx1 erhdhten
Transkriptionsaktivitat sein. Allerdings kann Stx1, vermutlich GUbemdterung des p38
MAP-Kinase Signalweges (337, 362), durch eine Verlangerung démweldszeit auch die
Akkumulation bestimmter Zytokin- und Chemokin-mRNAs induzieren (104, 338). Pa di
Translations-abhé&ngige mRNA-Degradierung in Saugerzellen Tranasgezifisch ablauft
(133), bleibt noch zu klaren, ob Stx1 in bovinen IlEL déeenovomRNA-Synthese verstérkte
oder die Degradierung vorhandenen Transkripte verzégerte. Interessssgemwar die
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Wirkung des Shigatoxins 1 auf die Menge Zytokin-spezifischer Krgme spezifisch fur
IEL, da bei PBMC ein solcher Effekt nicht nachweisbar war.

Allerdings war die Stx1-Wirkung nicht von einem messbaren AnslézgSynthese des
IL-4-Proteins begleitet (sieh@.10. So war nur bei einem kleinen Anteil boviner IEL die
Bildung von IL-4in vitro nachweisbar. Der Anteil wurde durch Zugabe von Stx1 zu den
Kulturen nicht weiter gesteigert. Da sogar eine Stx1l-indiezieandertfache Steigerung von
MRNA-Gehalten in einer sehr viel kleineren Steigerung dehweisbaren Menge an
entsprechendem Protein resultieren kann (338), kann nicht ausgeschessgen, dass Stx1
doch dieil-4-Expression bis auf die Proteinebene steigert. Auch kbnnte die maekgee
Bildung von IFNy in den IEL-Kulturen eine rasche reziproke Herunterregulation d2r T
Aktivierung bewirkt haben, wodurch ein bereits sehr niedriger IL-4-8pimgiter reduziert
(273) und der Effekt des Shigatoxins 1 maskiert wurde.

Unklar ist bislang noch die zellulare Herkunft der induzieiteirmRNA. IL-4 wird
charakteristischerweise von der2Fdeterminierten Unterpopulation der CDZ-Zellen
produziert. Obwohl Stx-Rezeptoren deszGD77-Typs beim Rind vor allem von CBBT
IEL ex vivoexprimiert werden, konntein vitro auch CD4 T-IEL zur Gk/CD77-Expression
aktiviert und damit gegeniber Stx1 sensibilisiert werden (fehe Jedoch korrelierte die
Menge der nach Stx1-Einwirkung vermehrt nachweisbaren IL-4 mRikiA mit dem Anteil
von CD4-IEL in den untersuchten Zellpraparationen (siéh&0. Moglicherweise sind
bovine CD4-IEL nicht die Hauptquelle der Stxl-induzierten IL-4 mRNA. Bei hoem
Lymphozyten stimulieren andere Ribosomen-inaktivierende Toxine wgteldktine die
intrazellulare Expression von IL-4 sowohl in CDdls auch in CD8T-Zellen in gleichem
Umfang (311). Die Induktion dat-4-Transkription ist dann mit dem verstarkten Autreten
von Apoptosemarkern assoziiert. Deshalb wird vermutet, dass \exteoki Apoptose-
induzierende Toxine einen gemeinsamen Signalpfad aktivieren, in deameihitares IL-4
eine Bedeutung stromabwarts der Apoptose zukommt (311).

5.3.3.6 Mechanismus der Induktion deil-4-Transkription durch Stx1

Die Stx1-induzierte Vermehrung dé#d-Transkripte in bovinen IEL-Kulturen ist jedoch
eindeutig unabhangig von der Induktion von Apoptose. Stx1l l6ste keine nacheeisba
Erhdhung der Apoptoserate aus und ein Apoptoseinduktor, Actinomycin D, loste keine
Vermehrung deril-4-mRNA aus (siehe6.10. Diese Ergebnisse zeigen, dass die Stx1-

induzierte Vermehrung dell-4-mRNA kein Nebeneffekt einer Apoptoseinduktion war.
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Vielmehr verbleiben die bovinen IEL, die auf Stx1 reagieren, bei CSIhEektionen
vermutlich funktionell eingebunden in das mukosale immunologische Netzwerk.
Interessanterweise hemmt IL-4 spezifisch die Stimulierbadkeihaner CDBIEL ohne
gleichzeitig die Proliferation peripherer CD8-Zellen zu beeinflussen (58). Demnach kénnte
die Depletion von CDSIEL im Verlaufe experimenteller STEC-Infektionen bei Kalbern
(siehe6.8) zumindest zum Teil auf einer Stx1-induzierten Produktion von IL-4 beruhen.
Durch die Blockade der Stx1-Wirkung durch Brefeldin A wurde deytlitdss die
Aufnahme und Prozessierung des Holotoxins unabdingbar war @igfe Auch war die
enzymatische Aktivitdit des Stx1-Holotoxins fur die4 mRNA-Induktion zwingend
erforderlich, da rStxB1 alleine diesen Effekt nicht auszulésenochta. Der Gehalt boviner
IEL an il-4-Transkripten wurde selbst durch sehr niedrige Konzentrationen §gn@lpan
Stx1 noch beeinflusst. Trotzdem war die Fahigkeit der Zellen ynth&se von IFN¢ selbst
bei deutlich h6heren Stx1-Konzentrationen (20G48) noch vollstandig erhalten. Bitzan
al. (17) hatten bereits beobachtet, dass Stx1 die Menge bestimrateskiipte in bovinen
Endothelzellen in Toxinkonzentrationen erhoht, die unter denen liegerijrcéané messbare
Hemmung der Proteinbiosynthese erforderlich sind. Demnach lé$stdie Diskrepanz
zwischen erhohter Menge ar4d-mRNA und unveranderter IL-4-Synthese in bovinen IEL
nicht durch eine Blockade der Proteinbiosynthese durch Stx1 erklaren.

5.3.4  Epithelzellen

Nach Optimierung einer von Follmaret al. (73) beschriebenen Methode gelang es
bovine Kolonepithelzellen zu gewinnen und zu kultivieren. Mithilfe dercbilusszytometrie
und Fluoreszenzmikroskopie konnten sowohl CD77-Antigene als auch Bindungssielle
rStxB1 auf der Oberflache einer Subpopulation epithelialer Zelkrhgewiesen werden
(Abb. 5.3). Der Uberwiegende Teil der CD77-Moleklle war jedoch intrazellular im kernnahen
Bereich lokalisiert. Wie von Hoest al. (111) beschrieben, waren die Zellen resistent fur eine
zytoletale Wirkung des ShigatoxinsAhpb. 5.4).

In vitro-Untersuchungen lassen vermuten, dass bei humanen STEC-Infektionan das i
Darmlumen gebildete Stx bei Epithelzellen zur Freisetzung &letzahl von Chemokinen
fuhrt (338). Bei primaren Kulturen boviner Kolonepithelzellen wargniBkante Mengen an
MRNA fir die Chemokine GR@; IL-8 und RANTES nachweisbar. Allerdings wurde weder
die Transkription der GeneAfb. 5.5 A) noch die in den Uberstanden nachweisbare
chemoattraktive Aktivitat fir Granulozyten durch Stx1 verandesb( 5.6).
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Zytokeratin
Bl Gb,/CD77

Zytokeratin
Bl StxB1-Bindung

Abb. 5.3: Fluoreszenzmikroskopischer Nachweis von Zellen mitGbsy/CD77-Antigen bzw.
rStxB1-Bindungsstellen in Priméarkulturen boviner Kolonzellen.
Vier Tage nach Gewinnung aus Kolonkrypten wurden die Zellerrtfixiermeabilisiert und

immundekoriert. Zytokeratin-positive Zellen (griin) sind epithefidUrsprungs.
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Abb. 5.4: Einfluss von Stx1 auf die Stoffwechselaktivitat (A) md den Anteil apoptotischer Zellen
(B) in Primarkulturen boviner Kolonepithelzellen.
Dargestellt sind (A) Mittelwerte und Standardabweichungen auBe2fimmungen mit 7
unabhangigen Epithelzellpraparationen (c(anti-StxB1): 1,5 pg/ml) (&) die Mittelwerte
und Standardabweichungen von 6 Bestimmungen mit 3 unabhangigen Zedifioiesar
nach jeweils 72stlindiger Inkubation. M30 bezeichnet eine Antigen, das nur in eobgtot

Epithelzellen nachweisbar ist.
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Abb. 5.5: Effekt von Stx1 auf die Transkription ausgewahlter Ger in primaren bovinen
Kolonepithelzellen.
Dargestellt sind Mittelwerte, Minima und Maxima (A) bzvinzelwerte (B) der
Untersuchung sechs unabhangiger Zellpréparationen nach 4stiimdigleation; c(Stx1):
200 CByml, c(anti-StxB1): 1,5 pg/ml.
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Interessanterweise erhohte Stx1 in 4 von 6 untersuchten Kolonepitheltdeen
innerhalb von 4 Stunden die Menge an Transkripten fir das mono- und lymphozytotrope
MCP-1 Abb. 5.5 B). Dies widerspricht der Vermutung von Hoetyal. (111), dass bovine
Kolonepithelzellen resistent gegenuber Stx1l sind, da sie das Toxin Aadohhme in
Lysosomen degradieren wurden. Auch humane Makrophagen trangpor&x nach
Ghs/CD77-vermittelter Endozytose in lysosomale Kompartimente (69) umdl geegeniber
der zytoletalen Wirkung des Shigatoxins 1 resistent (335). DlerZedagieren aber trotzdem
auf Stx1 mit der vermehrten Expression pro-inflammatorischer Zyol335, 343). Auch
wenn die Beurteilung der Bedeutung flr die bovine STEC-Infektion rgeilatersuchungen
erfordert, sind dies die ersten Hinweise darauf, dass auchRiednntestinale Epithelzellen

Zielzellen fur Shigatoxine darstellen kénnten.
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1| O Medium

900 | | mm sStx1 T
800 - Stx1 + anti-StxB1

700 -
600 -
500 |
400 |
300 |
200 -
100 |

Migrationsaktivitat (% unkonditioniertes Medium)

4h 24 h

Dauer der Epithelzellkultur

Abb. 5.6: Freisetzung Granulozyten-attraktiver Substanzen durb Stx1l-behandelte priméare
bovine Kolonepithelzellen.
Dargestellt sind Mittelwerte und Standardabweichungen der Esgebmiit konditionierten
Epithelzell-Kulturiiberstanden (jeweils n = 5-6; C); ¢(StD0 CRyml, c(anti-StxB1): 1,5
pa/mi.
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5.3.5 Makrophagen-ahnliche Zellen

In Kulturen aus Kryptenpraparationen kamen auch fibroblastenaritgnZsor, die sich
durch eine starke Oberflachenexpression von CD77 auszeichneten und besmipdiediich
gegenuber Stx1 warerAljb. 5.7). Um sie fir funktionelle Untersuchungen in Reinkultur
darstellen zu kdnnen, wurden sie in Zusammenarbeit mit Dr. Mati@iag) (Institut fir
Virologie, Justus-Liebig-Universitdt Giessen) mit dem Plasmi¥n@®3 transfiziert und
immortalisiert (247). Einer der erhaltenen Zellklone exprimieC®®77. Diese Zelllinie
entsprach auch insofern den in Primarkulturen beobachteten Zalkesie auf die Zugabe
von Stx1 zum Kulturmedium mit einer Umverteilung von oberflachlichem77T in
intrazellulare Kompartimente reagierte (nicht gezeigt). Zeen der Linie wiesen ebenfalls
eine fibroblastenartige Morphologie auf. Bei Gewebsfibroblasten hagslsith jedoch nicht
ausschliesslich um Zellen des priméaren Mesenchyms (245). Redkem konnen sich auch
aus Fibrozyten des Blutes entwickeln, die ihrerseits aus CTBIbhozyten entstanden sind
(1). Die nahere Charakterisierung der Zelllinie ergab, dizsaeben MHC-1 auch CD14 und
CD172a, nicht jedoch MHC-Il, CD11lb oder CD11c exprimierebl( 5.8). Bovine
Monozyten, die aus dem peripheren Blut tber Gelatine-Adhérenz egetewurden,
koexprimiertenin vitro ebenfalls CD172a und CD77 (nicht gezeigt). Somit kdnnte es sich bei
der etablierten Zelllinie um makrophagen-artige oder dendritischenZ@lC) handeln.

Bei Stimulation mit LPS reagierte die Zelllinie nicht nmeiner vermehrtenl-12-
Transkription wurde aber gegentber der Wirkung von Stx1 sensibilisiert. kdur
gleichzeitiger Behandlung der Zellen mit LPS und Stx1 war binnetudd&n eine erhohte
Mengeil-10-spezifischer mMRNA nachweisbar. Diese Wirkung des Shigatdximslt fur 24
Stunden anAbb. 5.9). Bovine Makrophagen und DCs unterscheiden sich deutlich in der
Reaktion auf TLR-Agonisten. Wéahrend bovine DCs vermehi2-spezifische mRNA
bilden, bilden Monozyten vermehit-10-mRNA (351). Vermutlich geht die etablierte
Zelllinie damit auf Gewebsmakrophagen zuriick. Entsprechend dergkEdban von
Gewebsmakrophagen abhéngig vom Aktivierungs- und Differenzierungsgradhiedene
Chemokine zu sezernieren und damit eine zentrale Rolle in dem8tguder Leukozyten-
migration zu spielen (200) waren auch in den immortalisierteeZsignifikante Mengen an
gro-a-, il-8-, mcp-x undrantesspezifischen Transkripten nachzuweisen, die durch Stx1 bis
zu 70-fach gesteigert wurden. Weitere Untersuchungen missen nun meigewgeit eine

madgliche Stérung des von Gewebsmakrophagen sezernierten ,strdaness codes” (245)
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oder der antigen-prasentierenden Funktion dieser Zellen zur Stx-irtdoziemmun-

modulation beim Rind beitragt.

Nachweis von

Gb,/CD77 rStxB1-Bindung

Medium-
kontrolle

+ Stx1

+ Stx1
+ Anti-StxB1

Abb. 5.7: Fluoreszenzmikroskopischer Nachweis von Zellen miGbsy/CD77-Antigen bzw.
rStxB1-Bindungsstellen in Priméarkulturen boviner Kolonzellen nach Inkubation in
der Anwesenheit oder Abwesenheit von Stx1.

Vier Tage nach Gewinnung aus Kolonkrypten wurde das Zellkuttdiom mit Stx1
(200fache verozytotoxische Dosis 50 % pro ml) bzw. anti-StxB1 monokloAattikdrper
13C4 (1,5 pg/ml) supplementiert. Nach weiteren 72 Stunden Kultivierungew die

Zellen fixiert, permeabilisiert und immundekoriert.
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Abb. 5.8: Durchflusszytometrische Analyse der Expression vonOberflachenantigenen bei
immortalisierten nicht-epithelialen Zellen aus dem Kolon des Rides
Reprasentative Ergebnisse aus bis zu 3 unabhangigen Versuchaesppegtd@stimmungen,
Zahlen geben den Anteil der Zellen im jeweiligen Teil det-jpot-Darstellung an den

vitalen Zellen der Kultur an.
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Abb. 5.9: Effekt von Stx1 auf die Transkription ausgewdahlter Gae bei einer immortalisierten,
nichtepithelialen Zelllinie aus dem Kolon des Rindes.
Dargestellt sind die Mittelwerte, Minima und Maxima voridmabhangigen Experimenten
nach 24stindiger Inkubation in Abwesenheit (A) oder in Anweser(Bgitvon LPS;
c(Stx1): 200 Clyml, c(anti-StxB1): 1,5 pug/ml, ¢(LPS): 25ug/ml.
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54 Implementierung eines Tiermodells

Far in vivo-Untersuchungen zur Aufklarung der Interaktion zwischen STEC und ihrem
Wirt bietet sich zur Reduktion des tierexperimentellen AufwandesvVerwendung junger
Kélber an. Auch unter natirlichen Bedingungen findet die Erstinfektib® TEC vermutlich
bereits im frihen Kélberalter statt (15). Im Gegensatz zuadiileren kbnnen sich aber bei
neugeborenen Kalbern infolge der Infektion histologische Veranderungsilden (47,
295). Diese Alterunterschiede kdnnten mit den Besonderheiten des Imteamsya der
Neugeborenenphase in Verbindung stehen. Die Entwicklung und die Relitéareel
Abwehrfunktionen bei neugeborenen Kélbern war deshalb, zunachst getrennt \Fagder

nach der Wirkung der Shigatoxine, Gegenstand erster Untersuchungen.

5.4.1 Phéanotypische Charakterisierung peripherer Lymphozyten ke

neugeborenen Kalb

Im Blut neugeborener Kélber stehen im Vergleich zu altermmei hohe absolute
Granulozytenzahlen leicht reduzierten Lymphozytenzahlen gegeii®@). Wilsonet al.
(360) stellten auch erhebliche Unterschiede zwischen neugeboreneerrKanhd adulten
Tieren bezlglich der Zusammensetzung der T-Zellen fest. Diestdkodurch eigene
Untersuchungen, bei denen vergleichbare Anteile der wichtijstaphozytenpopulationen
im Blut 1 Stunde nach der Geburt und in der 3. bis 9. Lebenswoche Ermiftden, nicht
bestatigt werden (siel&2). Allerdings fanden sich im Blut der Neonaten ca. 70% weniger B-
Zellen als bei den alteren Tieren.

Obwohl sich innerhalb der ersten Lebensstunden (1 h post natum (psh ps1.) weder
die absoluten Leukozytenzahlen noch das Differentialblutbild signifikadnderten, waren
innerhalb der mononuklearen Zellen Verschiebungen nachweisbar @@heSo nahm
unabhéngig von der Kolostrumaufnahme der Anteil €D8-Zellen signifikant ab, wahrend

der Anteil an Monozyten entsprechend anstieg.
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5.4.2 Entwicklung der Phagozytosekompetenz beim neugeborenen Kal

Phagozytose durch Granulozyten ist zwar ein erster und unverzethtBhwehr-
mechanismus gegen bakterielle Erreger, bei neugeborenen Kélbermeimdre Schritte
dieses vielstufigen Prozesses aber noch funktionell eingeschrankt (374n&en, z.T.
bedingt durch die niedrige Immunglobulin-Konzentration (3), die Seren voegeberenen
Kalbern Bakterien nur schlecht opsonieren (185). Selbst opsonierteePasrden aufgrund
einer reduzierten granulozytaren Expression vgRézeptoren nur schlecht erkannt (374).
Zusatzlich zu einer reduzierten Phagozytoseaktivitat (169uwt die Bildung von Sauer-
stoffmetaboliten (,oxidative burst”) und die Myeloperoxidase-Aktivigdngeschrankt (56,
374). Um diese in Einzeluntersuchungen ermittelten Erkenntnisse im &esdrang
interpretieren zu kdnnen, wurden in den ersten Stunden p.n. phagozytare Funktionen und di
opsonierende Serumaktivitat im Vollblut in Abh&ngigkeit von der Kolostuinzdame
quantifiziert und mit Werten aus der 3. bis 9. Lebenswoche verglicheaonBeres
Augenmerk wurde dabei auf die separate Analyse von Granulozyten und NMongelegt,
da letztere zwar den Ubergang von angeborener zu erworbener léimepitisentieren, aber
ihre Funktionen in diesem Lebensalter bislang nicht untersucht worden waren.

Durch den direkten Vergleich zeigte sich, dass bei neugeborenigeriKdediglich
bestimmte Komponenten der phagozytaren Abwehr eingeschrankt waremuti‘ch wurden
diese Einschrankungen durch die héhere Aktivitat anderer Komponenten komtpensie
6.1). So liess sich durch Analyse der Phagozytose auf Einzelzellebehweisen, dass unter
limitierenden Versuchsbedingungen die Phagozytose Bionoli durch Granulozyten von
Kalbern unmittelbar nach der Geburt zwar verzogert, aber in iKegazitat nicht
eingeschrankt war. Die Verzdgerung der Phagozytose beruhte velhnautth auf humoralen
Faktoren, da sie durch Opsonierung der coli mit dem Plasma adulter Tiere patrtiell
aufgehoben werden konnte. Im deutlichen Gegensatz dazu hatte die Opsomierung
Bakterien keinerlei Einfluss auf die Phagozytose durch Monozytermeiiden neugeborenen
Kalbern sogar eine signifikant hohere Phagozytose-Kapazit@iemain. Auch reagierte bei
den Neugeborenen ein grosserer Anteil an Monozyten und Granulozyt8tinawlierung mit
der Synthese reaktiver Sauerstoffmetaboliten (ROS). Bengiterf wurde eine verkirzte
Reaktionszeit der ROS-Synthese bei den Granulozyten neugeboreber Kéakchrieben
(56). Die hier vorgestellten Ergebnisse relativieren jedoch diet&lnsg anderer Autoren,
dass, aufgrund einer eingeschrankten Proteinkinase C-Aktivitat (85R@5-Synthese der
Granulozyten in Kéalbern dieser Alterstufe generell einges&hrést (185). Wahrend die
Gesamtmenge der gebildeten ROS bei Granulozyten-Kulturen vorebEegen durchaus
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niedriger sein kann als bei denen von alteren Tieren (185), kbnnte edtecdahl reaktiver
Zellen (siehe6.1), gemeinsam mit der hdheren monozytdren Phagozytoseleistung, dazu
beitragen die reduzierte granulozytare Phagozytose-Leistung zu komeensier

Die Feststellung, dass die Einschrankung der granulozytareroBtageleistung auch
auf humoralen Faktoren beruht, liess sich durch die Untersuchundnagozytenfunktionen
nach der Kolostrumaufnahme bestatigen (si@lde Nach der Aufnahme war insbesondere
die Phagozytose nicht-opsonierfercoli durch Granulozyten beschleunigt. Ahnliches wurde
bereits fur die Phagozytose von Hefen bei Lammern (14) undevaeoli bei Kalbern (185)
beschrieben. Allerdings fand nach der Kolostrumaufnahme auch diezytasgovorE. coli,
die mit homologem Plasma adulter Tiere voropsoniert worden waesthleunigt statt.
Vermutlich wirkt sich somit das Kolostrum auch innerhalb wenigen&tn bereits direkt auf
die =zellulare Aktivitat der Phagozyten aus. Die Existenz reidee Phagozytose
unterstitzenden Substanz im Kolostrum wurde bereits von mehreren Autotehepps
jedoch ist ihre chemische Natur noch unbekannt (185). So enthélt humanegfolzwar
Konzentrationen an TNE; die geeignet sind das Immunsystem der Neugeborenen zu
beeinflussen (317), bei bovinen Granulozyten wird die PhagozytoseStaphylococcus
aureusdurch TNFe jedoch nicht verstarkt (34).

Der Vorstellung von einer generellen Einschrankung phagozytarer Fumktiogsie
neugeborenen Kalbern muss somit widersprochen werden. Da regelmassig) wornBlieren
dieses Alters sehr hohe relative und absolute Zahlen an Granulgefterden werden (siehe
6.1) (169), ist die gesamte Kapazitat zur Elimination von Mikroorgamismermutlich sogar

um ein Vielfaches hoher als bei alteren Kalbern und adulten Tieren.

5.4.3 Untersuchungen zur Immunmodulation durch STEQn situ

im Darmligaturtest bei Kalbern

Nachdem die Wirkung von Stx1 auf Primarkulturen verschiedener bovetlenih vitro
detailliert untersucht worden war, wurden zur Abschatzung der Bededemgrhobenen
Befundein vivo zwei tierexperimentelle Ansétze verfolgt (siehe abgh4. In einem ersten
Ansatz wurden Studien in separierten Darmschlingen durchgefihdenan STEC das
Epithel unter Ausbildung von ,attaching and effacing®-L&sionen kolonisig&&h, 313). Die
Eignung solcher Darmschlingen fur die Bearbeitung immunologidetagestellungen wurde
unldngst von Gerdtset al. bewiesen (84). Bei den im Folgenden beschriebenen

Untersuchungen sollte festgestellt werden, ob mit den zur fanfjistehenden Methoden die
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immunmodulierende Wirkung des Shigatoxins 1 auch in der komplexen Umgebung der

bovinen Darmschleimhaut nachgewiesen werden kann.

5.4.3.1 Vorversuche mit oral infizierten Kélbern zur Auswahl eine geeigneten

Darmabschnittes

Aufgrund anatomischer Widrigkeiten und der Notwendigkeit ausreictieale IEL flr
funktionelle Untersuchungen aus dem Epithel gewinnen zu muissen l®thesn die
Darmschlingen im Bereich des lleums zu erzeugen. STEC dey&ef@157:H7 scheinen
zwar bei ruminierenden Rindern einen Tropismus fiur das Epithel Uberydgrhiollikeln im
terminalen Rektum zu besitzen (228), bei Kélbern kolonisidtercoli O157:H7 aber
durchaus auch lleum, Z&dkum und Kolon (23, 44, 47, 48, 91). Non-O157 STEC fehltlepgar
Tropismus fur das terminale Rektum (228) und STEC der Serotypen O5 und O111
kolonisieren in grosser Zahl das Kolonepithel (316). Um Unterschieselzwn IEL aus dem
lleum und dem Kolon besser abschatzen zu kénnen, wurden in einer\&gstanhsreihe 2
Kalber (20 bzw. 22 Tage alt) oral mit ca. 4 X°lBolonie-bildenden Einheiten des STEC-
Stammes PMK5 (STEC-Feldisolat des Serotyps 0103ad@Subtype, stxI’; (201)) bzw.
des apathogenert. coli Stammes NADC5738 (Nalidixinsdure-resistente Mutante des
porcinen, apathogendn coli O43:H28 Stammes 123 (47, 215)) inokuliert. Drei Tage spater
wurden die IEL gewonnen (siebeB).

Die Zusammensetzung der IEL im Ileum und Kolon der infiztefteere war insgesamt
sehr ahnlich, obwohl die Praparationen aus dem lleum héhere AnteilZefef-und Zellen
mit MHC-I1I- und ACT-2-Expression aufwiesen (sieh8). CD77 war auf der Oberflache von
ca. 50 bzw. 35 % der IEL aus dem lleum bzw. dem Kolon nachweisbar; €ad8b IEL aus
lleum und Kolon waren in der Lage rStxB1 zu binden. Die MehrzahlElebeéider Kélber
befand sichn situin der GO/G1-Phase des Zellzyklus” und auch eine mitogene Stiomih
vitro konnte keine Proliferation induzieren. Trotzdem Ubten die Zellen einbwee:
bare“Naturliche Killerzell-Aktivitdt” gegentber einer homologen, hhidMHC-gepaarten
Zelllinie aus. Der Nachweis dieser Aktivitdt gelang nur behen Effektor- zu Zielzell-

Verhaltnissen. Die Aktivitat war in IEL-Praparationen aus dem Kolon dégigyhoher.
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5.4.3.2 Einfluss der STEC-Infektion auf die Zusammensetzunged IEL

In der eigentlichen Versuchsreihe wurden bei 5 konventionell gehalk&ibarn (9 bis
14 Tage alt) im mittleren lleum jeweils 4 Darmschlingeneddognden und entweder mit dem
Stamm PMKS5, einer isogendstxl:-Mutante des PMK5 (313), dem Stamm NADC5738 oder
sterilem Bakterienmedium als Kontrolle inokuliert (sie@&). Zwolf Stunden nach der
Inokulation préparierte IEL waren ahnlich zusammengesetzt wiktiedie aus dem lleum
oral inokulierter K&lber gewonnen wurden, und bestanden Uberwiegend augrikti
CD2'CD3'CD6'ACT-2" T-Zellen. Etwa 40 % aller IEL exprimierten CD77 bzw. banden
rStxB1. Im Vergleich zu den Kontrollschlingen fiihrte die Inokulation dem STECI1-
Stamm PMK5 zu einer signifikanten Verminderung des Anteils8«CDT-Zellen um
5.52+ 3.4 % P <0.05). Diesein vivo-Befunde korrelieren mit deex vivo bestimmten
differentiellen Expression des Stx-Rezeptors insbesondere duicieratCD3CD6'CD8u*
T-Zellen (siehe5.3.3. Die Beobachtung, dass die Inokulation der Darmschlingen die Zahl
derjenigen IEL, die rStxB1 binden kdénnen, geringgradig reduziert, nicht abetatii der
Zellen, die von anti-CD77 erkannt werden, konnte darauf hindeuten, dass beinbovine
Lymphozyten auchin vivo zwischen CD77%Lymphozyten einerseits und Stx-Rezeptor-

positiven und dadurch Stx-sensiblen Lymphozyten andererseits unterschieden weslen mus

5.4.3.3 Proliferation der IEL nach STEC-Expositionin situ

Ca. 90 % der aus Darmschlingen gewonnenen IEL befand sich in der-BB&S& des
Zellzyklus™ (sieheb.8). Dennoch sprach ein kleiner Teil der Zellen auf mitogene Stironla
mit einer Transformation zu Blasten an. Allerdings unterschied die Stimulierbarkeit der
Zellen aus STEC1-inokulierten Darmschlingen nicht von der Stimutieetiader Zellen aus
Kontrollschlingen. Es ist nicht auszuschliessen, dass Stx1 zu dimendfion sensitiver IEL
aus der Mukosa STEC1-inokulierter Darmschlingen durch die Induktion volodekfihrt
hat. Jedoch konnte bislang keine zytoletale Wirkung des Shigatoxins Ilboairie
Lymphozyten nachgewiesen werden (71, 207). Die nach Inokulation mit GE@1SStamm
aufgetretenen Verdnderungen in der IEL-Zusammensetznngivo missen demnach
entweder auf einer Storung der Rekrutierung mukosaler Immunzedteimen oder, &hnlich
wie in vitro (siehe5.2.1 und 5.3.3, auf einer Hemmung der Lymphozyten-Proliferation
situ. In beiden Fallen konnte sowohl eine Stérung des ,stromal address dmde&skalen

Gewebsmakrophagen (siebe.5 als auch von den IEL selbst gebildete |6sliche Faktoren
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eine Rolle gespielt haben (9). So induziert vor allem PGéie Expression vormER7-
Integrin und tragt entscheidend zum ,homing* und zur Retention der IEEpithel bei
(323). In der Tat waren auch in bovinen IEk vivotgf-BTranskripte sowie TGRB- selbst
nachweisbar (siehg.3.3.5. Allerdings wurdein vitro weder die Zahl der Transkripte noch
die Menge des Proteins durch Stx1 messbar veréndert. Inwiewelhdiiktion deril-4-
Transkription in IEL durch Stx1 (siel23.3.5 in diesem Zusammenhang eine Bedeutung

besitzt, muss in weiteren Untersuchungen geklart werden.

5.4.3.4 Zytokin-mRNA-Gehalt und ,Naturliche Killerzell-Aktivi tat* von IEL
nach STEC-Expositionin situ

Mehrere Virulenzfaktoren der STEC, wie Lymphostatin (158, 196) und Sfiehe(
5.3.3.5, kdnnenin vitro die Synthese von Zytokinen durch mitogen-stimulierte mukosale
Lymphozyten beeinflussen. Dennoch unterschied sich die Expression edifex fRon
Zytokinen inin vitro-restimulierten IEL aus STEC1-inokulierten Darmschlingen nicht von
der der IEL aus Vergleichsschlingen (sigh8). Der Darmligaturtest hat seine Eignung fur
Untersuchungen zur immunmodulierenden Wirkung des Shigatoxins 1 prinzipiell unt
Beweis gestellt. Fir Untersuchungen auf Ebene der Zytokingenexprdssiarf es jedoch
der Modifikation der Methoden. So lasst sich vermuten, dass die verteesgmiquantitative
Transkriptionsanalyse durch die Vielfalt der Signale zwisdiekosazellen an die Grenze
ihres Auflosungsvermogens stiess. Dies ist insbesondere deshalb henenneweil
unterschiedliche Zellen der bovinen Mukosa unterschiedlich auf Stx1 reagieren.

IEL-Praparationen aus allen Darmschlingen Ubten eine starkextirfidhe Killerzell-
Aktivitat” aus als IEL der oral inokulierten Kalber in den Vorvetsert (siehe6.8). Die
Aktivitat unterschied sich nicht zwischen IEL aus STEC1-inokulertchlingen und
Kontrollschlingen. Da Stx1 audh vitro die Fahigkeit boviner IEL zur MHC-unabhéangigen
Zytotoxizitat nicht vermindert (sieh&.3.3.3, scheint einer Modulation dieser Funktion bei

der dauerhaften Kolonisation der STEC im Darm des Rindes keine Bedeutung zuzukommen.
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5.4.4 Immunantwort von Kéalbern nach Inokulation
mit Stx2-bildendenE. coli O157:H7

Die beschriebenenn vitro-Befunde fihrten zur Formulierung der Hypothese, dass
Shigatoxine von derE. coli vor allem dazu benutzt werden die Entwicklung einer im
Entstehen begriffenen adaptiven zellularen Immunantwort zu verzogeehe (5.2.70).
Antikorper gegen 0157, Stx1 und Stx2 kénnen héaufig im Serum und auf den Schlemmhaute
(im Kolostrum) von adulten Rindern nachgewiesen werden (137, 255). DecheeMerlauf
dieser humoralen Immunantwort nach der STEC-Erstinfektion war hedaht bekannt.
Deshalb wurde in Infektionsversuchen die Entwicklung der STEC-spé&afidenmunitat bei
Kalbern auf humoraler und zellularer Ebene untersucht.

Dazu wurden 3 Gruppen mit jeweils 5 Kélbern (6 bis 8 Wochenwaéinzal im Abstand
von 3 Wochen mit 1§ Kolonie-bildenden Einheiten verschiederter coliStamme oral
inokuliert (siehe6.11). Eine Gruppe erhielt den Stx2-bildend&ncoli O157:H7-Stamm 86-
24, die Streptomycin-resistente Mutante eines humanpathogenen EHBEd9@31). Die
zweite Gruppe erhielt dei. coli O157:H7-Stamm 87-23, eine Nalidixin-resistersts
negative Mutante eines Isolates aus dem gleichen Ausbruch, aus alem 86-24 isoliert
wurde (142, 331), die dritte Gruppe den apathogdieroli Stamm NADC5738 Drei
Wochen nach der zweiten Inokulation wurden die Tiere aller Grupperdemt STEC2-
Stamm 86-24 belastet.

5.4.4.1 Entwicklung einer STEC-spezischen, zellularen Immunantwor

Eine antigen-spezifische Proliferation peripherer Lymphozyteih fstimulation mit
hitze-inaktiviertem O157:H7-Vollantigen war nur bei Kalbern nacklas, die initial mit
dem toxin-negativerkt. coli O157:H7 inokuliert worden waren (siebell). Dagegen blieb
bei Kalbern, die von Anbeginn den STEC2-Stamm erhielten, die Entwickineg zellularen
Immunantwort fast vollstandig aus. Im Gegensatz zu Schweinen,dé&een nach
experimenteller oraler Infektion mit einem Stx1-bildendencoli O111:NM-Stamm eine
generalisierte Immunsuppression auftritt, die auch eine herdbgesenitogene
Stimulierbarkeit umfasst (36), blieb bei den STEC2-inokulierten éfalbdie mitogene
Stimulierbarkeit der PBMC vollstandig erhalten. Dartiberhinausiekélten die Kalber, die
mit dem toxin-negativerE. coli O157:H7 inokuliert worden waren, eine kontinuierlich
ansteigende Reaktivitat fur das O157:H7-Vollantigen. Vergleichbaremgr ,booster”-

Reaktion stieg die Reaktivitat sogar noch weiter an, nachdemaeati dbschliessend mit dem
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Stx2-bildenden Stamm belastet worden waren. Bei den verwené&eteoli O157:H7-
Stammen handelt es sich, im Gegensatz zu den in den Darmsclixgemnenten
verwendeten Stammen, nicht um isogene Mutanten desselben Stanan&g2iD vitro eine
dem Stx1 vergleichbare Wirkung auf bovine Lymphozyten besitzt (C. Mdhge Dean-
Nystrom, unveroffentlicht), konnte die Verzogerung der Entwicklung eiB@IEC-
spezifischen Immunantwort nach Inokulation mit einem Stx2-bilde&deonli O157:H7 aber
auf das Stx2 selbst zuriickzufihren sein. So kdnnte @Btx#vo die Entwicklung einer
zellularen Immunantwort verhindert haben, wenn es bereits bei dean ebgtiden
Inokulationen mit dem STEC2-Stamm auf das Immunsystem einwirkamdoEntwickelten
die Tiere aber bereits durch die Inokulationen mit d#wnegativen Stamm eine O157:H7-
spezifische Immunantwort, war bei der abschliessenden Belastsngodan wirkungslos.
Diese Erklarung steht im Einklang mit der Beobachtuimygitro, dass bovine Lymphozyten
Stx-Rezeptoren nur in einer frihen Phase der Aktivierung exprimigéater aber gegentber
der Wirkung der Shigatoxine wieder resistent werden (siglil). Moglicherweise
verhinderte das Stx2 jedes Mal nach der Aktivierung STEC-spelzéfi Lymphozytem vivo
durch Inokulation der Kalber mit dem STEC2-Stamm die weitere Adtivig und
Proliferation der Zellen. In der Folge blieb die Zahl spezifistlyanphozyten im peripheren
Blut unterhalb der Nachweisgrenze des Proliferationstests, watierthhl der polyklonal
durch Mitogene stimulierbaren Zellen unverandert blieb. Bei den zueitstdem stx
negativerk. coliO157:H7 inokulierten Kalbern wurden spezifische Immunzellen dagegen bis
zu dem Grad aktiviert, bei dem sie resistent flir Stx2 sind. O15fe#ifische, aber Stx-
resistente Immunzellen waren somit in grosser Zahl vorhanden, weR@lber schliesslich

mit dem STEC2-Stamm belastet wurden.

5.4.4.2 Antikorper gegen Stx2 und O157-LPS

Die Kalber aller Gruppen entwickelten im Laufe des Veresc eine humorale
Immunantwort gegerk. coli O157-LPS. Wie schon in friheren Untersuchungen anderer
Arbeitsgruppen (137) waren jedoch Antikérper gegen Stx2 in den Kalberkeinem
Zeitpunkt nach den Inokulationen nachweisbar (s@h#. Das Fehlen einer Serokonversion
beziglich Stx2 l&sst sich nicht durch eine Schadigung antigenispkeif B-Zellen durch
Stx2 erklaren. Bovine B-Zellen sind zwiar vitro ahnlich Stx-sensibel wie CB8 T-Zellen
(207), jedoch beeintrachtigte Stx2 bei den Kélbern, die von Anbeginmdemt STEC2-

Stamm inokuliert wurden, die Entwicklung der humoralen Antwort gedesv@PSin vivo
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offensichtlich nicht. Eine Diskrepanz zwischen anti-Stx-Titern und-Q@bb7-LPS-Titern
wurde auch schon von Johnseh al. beschrieben (137). Das B-Zell-Kompartment des
bovinen Immunsystems ist somit moéglicherweisevivo weniger sensibel fir die Wirkung
der Shigatoxine als das T-Zell-Kompartment. Dies kdnnte vor almn der Fall sein, wenn

B-Zellen direkt durch ein T-Zell-unabhéngiges B-Zell-Antigen wie LR irt werden.

Shigatoxin
(=8
STEC: s / ‘
oo faktoren OO
JUUUUUU UUULUULJUULUUL
Epithel-

zelle

RANTES  MCP-1

Inhibition der
IFN-y-Synthese

Proliferations-
inhibition

Lymphknoten Lamina propria

Abb. 5.10: Hypothetisches Modell fur die Verzégerung einer antigen-spezifischen
Immunantwort durch die Wirkung von Shigatoxinen auf verschiedene Zielzellen im

Darm des Rindes
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5.5 Schlussfolgerungen

Ein Tiermodell fir die durch Shigatoxine ausgeltsten, z.T. mit echwgenden
Organschadigungen einhergehenden Erkrankungen des Menschen isbekiahht. Die
bisherigen Modelle waren lediglich in der Lage Teilaspekte ddroBahese von HC oder
HUS zu reproduzieren. Der wesentliche Grund hierfur dirfte eiteiseilen Unterschieden
der Verteilung von Stx-Rezeptoren auf Zellen und in Geweben zursselng aber auch in
unterschiedlichen Reaktionen einzelner, den Rezeptor-tragenden BAeHaftalie Toxine.
Auch das Rind, das trotz persistenter Kolonisierung durch die €K@ den Shigatoxinen
zuzuschreibenden histopathologisch oder klinisch erkennbaren Krankheitsensgha
ausbildet, weist eine charakteristische Verteilung von Stx-Remspauf Tabelle 2.9. Die
hier beschriebenen Untersuchungen konnten fir alle, zumeist erstiewai$izierten, Stx-
Rezeptor exprimierenden Zellen des Rindes nachweisen, dass d@er death in der Lage
sind auf Stx zu reagieren. Im Gegensatz zu humanen Zellen ega diirkung jedoch nicht
zytoletaler, sondern ausschliesslich modulierender Art. Dadurch wialdstnithen, dass es
nicht maoglich ist zwischemper se Stx-empfindlichen oder Stx-resistenten Spezies zu
unterscheiden. Da sich Hinweise fur eine Wirkung aochivo finden, muss die Shigatoxin-
Bildung auch bei Infektionen des Rindes als Pathogenitdtsmerkmal @& Sigesehen
werden. Die spezielle Rezeptorverteilung beim Rind kdnnte nicht kléresn, warum die
Infektion adulter Rinder klinisch inapparent verlauft, sondern auchubsdedass die
Akquisition Stx-konvertierender Phagen durch bestimiatecoliKlone einen Teil der
Adaptation dieser Keime an ihren Reservoirwirt darstellt und edieefion der Shigatoxine
der Persistenz der Infektion Vorschub leistet.

Die Entdeckung von te Loet al. (332), dass humane Granulozyten die Shigatoxine nicht
nur Uber einen niedrig affinen, von €BD77 abweichenden Rezeptor binden, sondern an
Ghy/CD77-exprimierende Endothelzellen auch weitergeben kénnen, konnteeprkide die
strikt enteralen STEC-Infektionen des Menschen zu extraintestika@mplikationen fuhren.
Bovine Granulozyten, denen jeglicher Stx-Rezeptor fehlt, sind dageg@nimider Lage die
Toxine zu transportieren. Rinder konnten dadurch gegen die extrainestiNakungen der
Shigatoxine gefeit sein. Andererseits ist vorstellbar, das€Dié7-positiven Granulozyten
des Schafes Stx mit so hoher Affinitat binden, dass sie einmal getmsdexin nicht an
sensitive Zellen weitergeben. Vorlaufige Ergebnisse unsereeitdgouppe stitzen diese
Vermutungen (60). Jedoch binden bei Schweinen, die nach STEC-Infektiorali&he
Nierenveranderungen entwickeln kénnen (257), die Granulozyten Stx ebefitadr
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Ghbs/CD77-artige Rezeptoren (361). Die Bedeutung einer Interaktionesclmwm Stx und
Granulozyten fur den Verlauf der STEC-Infektion kann deshalb nodit aleschliessend
beurteilt werden. Die gravierenden Unterschiede zwischen Granulozgte Rindern und
Schafen sind jedoch der erste Hinweis fur eine mogliche Hggeitét der Stx-Wirkungen im
Rahmen von Infektionen bei verschiedenen Spezies, die gleichermalssyraptomatische
Trager der STEC angesehen werden.

Wie bei den entsprechenden Endothelzellen des Menschen lassausidmovinen
Endothelzellen aus Nabelschnurvenen CD77 nachweisen (. Stamm, C. Menge,
unveroffentlicht) und bovine Aorta-Endothelzellen sind Stx-sensitiv (1dockefehlen im
Gegensatz zum Menschen beim Rind Stx-Rezeptoren auf den Endothelrellger
Mikrovaskulatur des Darmes (260). Hierdurch kénnte sich das Fehlen nskubieer
Veranderungen in diesem Bereich des Gefasssystems des Rindes erklaren.

Das wichtigste Zielorgan fur Shigatoxine ist beim Rind offgmsich der adaptive Teil
des mukosalen Immunsystems, dessen Effektormechanismen durch diex@tegahibiert
werden Abb. 5.10. Mit mukosalen Gewebsmakrophagen wurde im Darm des Rindes eine
wichtige Zielzelle fur Stx identifiziert, die als Multigltor der Stx-Wirkung fungieren
konnte. Diese Zellen kommen im Kryptenbereich vor, kbnnten tber die Induktion vBrRIMC
in Epithelzellen aber auch unterhalb der Kolonisationsstelle dECSAn der Kryptenbasis
angelockt werden. Die Expression von CD77 auf diesen Zellen und auf bovoreszjen
konnte sogar bedeuten, dass Stx die Entwicklung einer Immunantwats laerieder Ebene
der antigen-spezifischen Aktivierung von T-Zellen stort. Diesevidtiing wirde weiterhin
durch eine gesteigerte IL-10-Expression in Gewebsmakrophagen behietden. Auch
eine vermehrte Sekretion von IL-4 durch IEL wirde die Differenrig von CD4 T-Zellen
der Lamina propriazu TGFf-sezernierenden B-Zellen verstarken und einer durch die
STEC-Infektion induzierten intestinalen Entziindung entgegenwirken (121, 20&).wenn
die Schleimhaut Uber den Lymphfollikeln im terminalen Rektum der htigste
Kolonisierungsort fir STEC des Serotyps O157:H7 im Rind sein 228, (229), kOnnelk.
coli O157:H7, vor allem in den ersten Tagen nach der Infektion, auch dieirBlcaut von
lleum, Z&kum und Kolon kolonisieren (91). Dartberhinaus besitzen non-O157 STEC
offensichtlich keinen Tropismus fiir das terminale Rektum (228, 315)tRike Ahnlichkeit
in der Expression von Oberflachenmarkern einschliesslich CD77 zwidélie aus dem
lleum, Kolon und Z&kum (C. Menge, unverdffentlicht) deutet darauf hin, t&Essim

gesamten Magen-Darm-Trakt des Rindes fiir Shigatoxine empfindlich sind.
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Schliesslich werden auch die peripheren Lymphozyten bereits irfFrdd@phase der
Aktivierung, in der sie noch wenige Stx-Rezeptoren ausbilden, von Stx inveltgren
Aktivierung und Proliferation, aber auch in der Synthese von WFIEG. Menge,
unveroffentlicht) behindert. Dadurch kann Stx zwar langfristig nichtEhestehung einer
spezifischen Immunitat verhindern, aber diese mittelfristig vernbdses ware aus Sicht der
Erreger sehr effizient, da zumindest bei der Entwicklung eimemunologischen
Primérantwort geringe Toxinmengen ausreichen wirden, um die dann necigew
spezifischen Immunzellen zu inhibieren. Auch wenn bislang der Bevieisirien direkten
Zusammenhang zwischen einer Immunsuppression und der verlangertensi€ologi der
Darmschleimhaut des Rindes durch STEC fehlt, wurde die um meh@ebew verzbgerte
Entwicklung einer STEC-spezifischen zellularen Immunantwort beis911 Wochen alten
Kalbern (sieheb5.4.49 von einer signifikant langeren Auscheidung des STEC2-Stammes
begleitet. Da z.B.CD45RGEL zu einem hohen Prozentsatz CD77 koexprimieren (C.
Menge, unverdffentlicht), konnte sich die Wirkung der Shigatoxine auch aaf di
(Re)Aktivierung einer immunologischen Gedachtnisreaktion erstnetkelangst wurde Uber
die reduzierte Ausscheidung von STEC des Serotyps 0157:H7 durch Rinder na
Vakzinierung mit Proteinen delee berichtet (258). Eine verzdgerte Reaktivierung der
Impfreaktion nach STEC-Infektion wirde die Dauer der ProtektistEicher Vakzinen
jedoch auf den Zeitraum beschranken, in dem sich die Effektormenteminach der
Vakzinierung noch im Zustand hoher Aktivierung befinden.

Die Pravalenz von EHEC-Serovaren (z.B. O157:H7, O26:H11) ist zwaRibdern
deutlich niedriger als die Prévalenz anderer STEC-Serovare (38dieD&tx-Gene als
Bestandteil von Prophagengenomen einer haufigen Rekombination unterliegenwi292),
aber vermutet, dass sich im Intestinaltrakt der Rinder haefig STEC-Stamme bilden, die
fur den Menschen gefahrlich werden konnen. Deshalb muss die Entwickiumeg
erfolgreichen Strategie zur Pravention von EHEC-Infektionen des dWlensauf die
Bekampfung aller STEC-Stdmme im Rind abzielen. eGene sind dabei nicht nur das
einzige allen STEC-Stammen gemeinsame Merkmal, sondern die basahriebenen
Untersuchungen haben deutlich gemacht, dass Shigatoxine als Immurtoreduéuch im
Rind eine Bedeutung als Pathogenitatsmerkmal besitzen. Aus @ededen bietet sich die
Verwendung der Shigatoxine selbst als Zielstruktur fir die Ehktwig einer

Bekampfungsstrategie gegen STEC beim Rind an.
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Abstract

To estimate the functional maturity of the phagocvtic defence in neonatal calves, we analyzed
the characteristics of blood phagocytes from calves (7 = 10) 1 h post partum (p.p.) and 4 h p.p. At
1 h p.p., all calves were colostrum-deprived, while 5 calves had received colostrum before the 4 h
p.p. sampling. The results were compared to those obtained from 3—9-wecek-old calves (1= 10).
Phagocytic and oxidative burst activity of polymorphonuclear leukocytes (PMNL) and monocytes
were determined in whole blood and separately analyzed by flow cytometry. In neonates prior to
colostrum ingestion (1 h p.p.). phagocytic activity of PMNL against non-preopsonized E. coli was
lower when compared to PMNL of 3—-9-week-old calves. Opsonization of bacteria with pooled
plasma from adult animals only partially restituted this lower PMNL phagocytic activity,
indicating that humoral as well as cellular aspects of PMNL phagoceytosis are altered in neonatal
calves. In contrast to PMNL, monocytes of neonates exhibited an enhanced phagoeytic activity.
The oxidative burst activity of PMNL, as well as of monocytes was higher in newborn calves.
During the first 4 h of life, the activities of blood phagocytes changed. Colostrum ingestion was
accompanied by an increase in the percentage of phagoceytizing PMNL and monocytes. This

Abbreviations: DHR 123, Dihydrorhodamine 123; EDTA, Ethylene diamine tetraacetate; G-CSF, Granulo-
cyte-colony stimulating factor: IL. Interleukin: MNL, Peripheral blood mononuclear leukocyte: PBS, Phos-
phate-buffered saline: PMA, Phorbol myristate acetate: PMNL, Polymorphonuclear leukocytes: p.p., Post
partum: ROS, Reactive oxygen species: RT, Room temperature; TNF-q, Tumor necrosis factor alpha

" Corresponding author. Tel.: +49 641 9938314; fax: +49 641 9938309; ¢-mail:
christian.menge@vetmed.uni-giessen.de

0165-2427 /98 /$19.00 © 1998 Elsevier Science B.V. All rights reserved.
PIFS0165-2427(98)00109-3
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increase was absent in colostrum-deprived calves. In contrast. the oxidative burst activity of
phagocytes decreased with age. In monocytes. the decrease of oxidative burst activity was only
observed in colostrum-fed calves. In conclusion, some blood phagocyte functions in calves were
found to be immature at birth, but these functions are presumably compensated by high absolute
PMNL numbers and by other the more active mechanisms. © 1998 Elsevier Science B.V.

Keywords: Monocytes: Granulocytes: Phagocytosis: Oxidative burst; Newborn calf

1. Introduction

Phagocytosis by granulocytes [polymorphonuclear leukocytes (PMNL)] is the first
and major defence mechanism against bacterial and fungal pathogens. However, neona-
tal calves, like newborns of other species, are deficient in several of the distinct steps of
phagocytosis by PMNL (Zwahlen et al., 1992). Sera of neonates opsonize bacteria only
poorly (Lombardo et al., 1979). This is partially due to the low immunoglobulin
concentration (Adams et al., 1992; Steinhardt et al., 1993). Furthermore, young calves
have a low activity in both the classic and the alternative pathway of complement
activation (Mueller et al., 1983). In addition to this humoral impairment, the neonatal
PMNL only poorly recognize opsonized particles, as concluded from the reduced
expression of Fe¢ receptors on these cells, compared to cells from adult animals (Zwahlen
et al., 1992). Coincidently, several investigations confirmed that neonatal PMNL possess
a low phagocytic activity against bacteria (LaMotte and Eberhart, 1976; Riedel-Caspari
and Schmidt, 1991). In addition to the deficiency of PMNL to ingest bacteria, both the
generation of reactive oxygen species (ROS) and the myeloperoxidase activity are
reduced in PMNL of newborn calves (Doré et al., 1991; Zwahlen et al., 1992). With
regard to such impairments, it is assumed that PMNL are functionally immature at birth
(LaMotte and Eberhart, 1976).

After birth, phagocytic efficiency increases rapidly, although the time course of this
increase is not known exactly. LaMotte and Eberhart (1976) and Lombardo et al. (1979)
showed that phagocytosis of E. coli increased within 6 h after birth. However,
Riedel-Caspari and Schmidt (1991) described that the number of streptococci ingested
by 100 leukocytes did not increase until day 5 p.p. This increase of PMNL phagocytic
activity after birth was supported by the ingestion of colostrum.

Monocytes represent precursors of antigen-processing and -presenting macrophages,
providing the initial signal in the development of antigen-specific immunity. Addition-
ally, monocytes modulate PMNL functions by secreting a variety of cytokines (Clark
and Kamen, 1987). Although monocytes are strikingly different from PMNL in their
biology and functions, to date they have not been included or separately analyzed in
studies on blood phagocyte maturity in neonatal calves.

To better estimate the impact of immature PMNL functions in neonatal calves on the
defence against bacterial infections, the level and duration of phagocyte maturity needs
to be further elucidated. In the present study, the phagocytic defence mechanism of
neonatal calves was characterized distinguishing between PMNL and monocyte func-
tions. Additionally, the impact of serum opsonic activity and colostrum ingestion on the
phagocytic functions were examined.
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2. Materials and methods
2.1. Animals

Twenty male and female calves (Holstein X German Black Pied) were included in
this investigation. Ten calves were delivered in the Clinic for Veterinary Gynaecology
and Obstetrics, Justus-Liebig-University, Giessen with minimal or no manual assistance.
All calves were separated from their dams before suckling and assigned to two groups.
Five calves received colostrum within the second or third hour of life (colostrum-fed
group), whereas the others did not receive colostrum until the 4-h blood sample had
been taken (colostrum-deprived group). Ten colostrum-fed calves aged 3 to 9 weeks
served as control group. All calves appeared clinically healthy throughout the investiga-
tron.

2.2. Sampling, sample preparation and differential leukocyte counts

Blood was collected from calves by jugular venipuncture using vials containing
heparin or EDTA (Sarstedt, Niimbrecht, Germany). Calves of the control group were
bled once, whereas newborn calves were bled twice, 1 h and 4 h post partum (p.p.).
Blood samples were stored at room temperature for less than 5 h prior to investigation.
Homologous plasma was obtained from heparinized blood samples of 10 cows, pooled,
and stored at —20°C.

EDTA blood samples were used for determination of total leukocyte counts in a
SYSMEX micro cell counter F800 (Sysmex, Norderstedt, Germany). For the determina-
tion of differential leukocyte counts, 200 wl of heparinized blood were incubated with 5
ml of erythrocyte lysing solution (8.26 g NH ,CI, 1.09 g NaHCO;, 0.037 g Na,EDTA
ad 1000 ml A. dest.) for 5 min (RT). Then the leukocytes were pelleted by centrifuga-
tion (200 X g, 5 min, RT) and resuspended in 1.2 ml of PBS (10 g NaCl, 0.25 g KCl,
0.25 g KH,PO,, 1.8 g Na, HPO, *2H,0 ad 1000 ml A. dest.). Analysis was performed
on an EPICS ELITE® analyzer (Coulter, Krefeld, Germany). Electronic gates were set
according to the light scatter characteristics of lymphocytes, monocytes, and granulo-
cytes, and the proportion of the respective cell type was read.

At the beginning of the functional assays, a volume of heparinized blood containing
3.33 X 10° PMNL calculated from the total and differential leukocyte counts was placed
at the bottom of a V-shaped plastic tube (110 X 16 mm, Nunec, Wiesbaden, Germany) in
icewater. The volume was brought to 100 ul by adding autologous plasma prepared
from an additional heparinized blood sample.

2.3. Phagocytic assay
In vitro phagocytic activity was determined using the Phagotest® kit (ORPEGEN
Pharma, Heidelberg, Germany). After addition of fluorescein labeled Escherichia coli

(ATCC 33572) to whole blood, bacteria are ingested by phagocytes generating a green
fluorescence signal that can be quantified by flow cytometry. Phagotest® contained
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bacterial suspension and several buffers given in parenthesis throughout this paper. The
test was performed according to the instructions of the provider with minor modifica-
tions. Briefly, 20 ul of autologous or homologous plasma were added to the precooled
blood samples prepared as described above. Twenty or 2 ul of bacterial suspension
(1 X 10 bacteria /ml) were added to the blood, generating a bacteria /PMNL ratio of
60:1 or 6:1. E. coli bacteria had been cultured overnight in LB medium (Merck,
Darmstadt, Germany), washed in PBS, heat-inactivated and labeled with FITC as
described by Gelfand et al., 1976. Both non-opsonized E. coli and E. coli preopsonized
with human serum as provided by the vendor (referred to as xenogeneic opsonization)
were used as phagocytic particles. When nonopsonized bacteria were applied, the
respective blood sample had been supplemented with either autologous or homologous
plasma, while bacteria opsonized with xenogeneic serum were just added to blood
samples supplemented with autologous plasma. After vortexing all tubes, test tubes were
incubated at 39°C in a shaking water bath for 2 or 15 min. A control tube remained on
ice. Phagocytosis was stopped by putting the tubes into icewater. To eliminate the
fluorescence of non-phagocytized bacteria, 100 wl of *quenching solution’ were added.
The cells were washed twice with 4 ml of *washing-solution” and pelleted by centrifuga-
tion (241 X g, 5 min, 4°C). Cells were resuspended and incubated in 2 ml of ‘lysing
solution” for lysis of erythrocytes and fixation of the leukocytes (20 min, RT). After
centrifugation plastic adherent monocytes were recovered by resuspending and incubat-
ing the cell pellet in PBS-EDTA (8 g NaCl, 0.2 ¢ KCI, 0.2 g KH,PO,, 1.42 g
Na,HPO, #2H,0, 2 ¢ Na,EDTA ad 1000 ml A. dest.) for 5 min in icewater. After a
final centrifugation step, the cells of each sample were resuspended in 100 wl of
‘DNA-staining solution’, and analyzed by flow cytometry as described below.

2.4. Oxidative burst assay

In vitro phagocytic activity was quantified using Bursttest (Phagoburst®) kit
(ORPEGEN Pharma, Heidelberg, Germany). In this assay, formation of reactive oxygen
species (ROS) by the membrane-bound NADPH oxidase is measured intracellularly by
the oxidation of the fluorogenic dihydrorhodamine (DHR) 123 to the membrane
adherent fluorescent rhodamin 123. The Bursttest assay was performed according to the
instructions of the manufacturer with some modifications. Briefly, 20 wl of autologous
or homologous plasma were added to the precooled blood samples. After that, several
stimuli were used to induce oxidative burst: fixed but unlabeled E. coli (ATCC 33572)
were used as stimuli under three opsonizing conditions as described for the phagocytosis
assay, whereas PMA (833.33 ng /ml) served as a “high control’. Twenty microliters of
bacterial suspension (1 X 10” bacteria/ml) or 20 ul of PMA solution (5 wg/ml in
‘washing solution’) were pipetted into the blood. The test tubes were vortexed and
placed in a 39°C shaking water bath. A sample without stimulus served as a negative
background control. After 10 min of incubation the tubes were cooled in icewater. The
samples were supplemented with 20 wl of *substrate solution” vortexed and incubated
for 10 min at 39°C. Four ml of ‘washing-solution’ were added, and the cells were
washed, fixed and stained as described for the phagocytosis assay.
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2.5. Flow cytometric analysis of phagocytic and oxidative burst assays

Analysis was performed on an EPICS ELITE® analyzer (Coulter, Krefeld, Germany)
equipped with a 488-nm argon laser and standard filter configuration (525 nm bandpass,
630 nm longpass). Data were analyzed with ELITE 3.1 software provided by the vendor.
During data aquisition of phagocytic and oxidative burst assays, a live gate was set in
the 630 nm (dark red) fluorescence histogram for those events having at least the same
DNA-content as diploid cells in order to exclude cell debris and bacterial aggregates.
IFor each sample, the optical features of 10000 leukocytes were acquired. Monocytes
and PMNL were analyzed separately for their 525 nm (green) fluorescence intensity.
Percent fluorescence positive events and mean channel of fluorescence, the latter being
correlated to the mean number of bacteria ingested by single cells, or the mean oxidative
burst activity of single cells, were recorded. Electronic gates were set according to the
negative control included in each test series defining less than 2% of the cells as
positive.

2.6. Statistical analysis

Data were analyzed statistically by use of the BMDP /Dynamic software (Statistical
Software, Dixon, 1993). Results were evaluated as follows: p < 0.001 highly significant
(% %), p<0.01 significant (% %), p < 0.05 weakly significant (*), and p > 0.05 not
significant (n.s.). Multiple factor analysis was carried out by 3-way or 2-way ANOVA,
according to the number of factors that varied throughout the experiment. In the case of
significant interactions between the analyzed factors, statistical analysis proceeded in the
2-way ANOVA and Student’s r-test.

3. Results

3.1. Numbers and differential counts of peripheral blood leukocytes in newborn and
older calves

One hour after birth, i.c., prior to colostrum ingestion, calves had more leukocytes per
ml blood than 3—9-week-old calves (13.19 + 4.69 X 10° cells/ml vs. 7.66 + 1.01 X 10°
cells/ml; p <0.01). The differential leukocyte counts revealed that the portion of
granulocytes, referred to as polymorphonuclear leukocytes (PMNL) was higher in
peripheral blood of neonates (76.86 + 9.1% vs. 32.04 + 14.1%; p < 0.001). In contrast,
the percentage of monocytes and lymphocytes, referred to as peripheral blood mononu-
clear leukocytes (MNL), was lower in newborn calves (23.14 4+ 9.1% vs. 67.96 + 14.1%;
p» <0.001). When absolute leukocyte numbers were calculated, it turned out that
peripheral blood of calves 1 h p.p. contained about 60% of the MNL numbers of
3-9-week-old calves (2.91 + 1.29 X 10° cells/ml vs. 5.14 + 1.04x10° cells/ml). In
contrast, PMNL numbers in the blood of newborns were about 4-fold higher (10.28 +
4.24 X 10° cells /ml vs. 2.52 + 1.35 X 10° cells /ml). Peripheral blood leukocyte counts,
as well as differential counts, did not change significantly within the first 4 h of life
(p > 0.05), irrespective of colostrum ingestion (data not shown).
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3.2. Phagocytic activity in newborn and older calves

In this part of the study, only bacteria opsonized with autologous plasma were
admitted to the assay. Irrespective of the animal group or the type of phagocyte studied,
the percentage of phagocytizing cells and the mean fluorescence intensity were clearly
associated with the test design (p < 0.001 in each case; Fig. 1). The lowest phagocytic
activity was observed under the most limiting conditions, i.e. bacteria /PMNL ratio of
6:1 in the 2-min assay. On the other hand, highest phagocytic activity was measured at a
bacteria /PMNL ratio of 60:1 in the 15-min assay. This was referred to as maximum
phagocytosis, since prolonging the incubation period did not further enhance the
percentage of phagocytizing cells or the mean fluorescence intensity (data not shown).

When the phagocytes of neonates 1 h p.p. and 3—9-week-old calves were compared,
monocytes and PMNL exhibited different reaction patterns (Fig. 1). Under limiting
conditions, the percentage of phagocytizing PMNL, as well as the average number of
ingested bacteria per cell, were lower in newborn calves than in older calves. Neverthe-
less, maximum phagocytosis by PMNL was identical in both age groups. Monocytes of
neonates 1 h p.p. exhibited just a slightly reduced phagocytic activity against bacteria
opsonized with autologous plasma as compared to monocytes of older calves in the

[0 newborn calves (1h p.p.) EI 3 -9 week old calves

monocytes PMNL
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% phagocytizing cells
% phagocytizing cells
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mean fluorescence intensity
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bacteria/ 10
PMNL ratio: 6:1 60:1 6:1 60:1
incubation time: 15 min 2 min 15 min

Fig. 1. Percentages of phagocytizing cells (above) among monocytes and polymorphonuclear leukocytes
(PMNL) and the mean fluorescence intensity of the phagocytizing cells (below) in peripheral blood of
newborn calves | h p.p. (n=10) and calves 3-9 weeks of age (#=10). Blood samples were incubated with
E. coli prelabeled with fluorescein and opsonized with autologous serum. Bars represent mean values +S.D.
(+ p=<0.05, %% p=<001. %%+ p=<0.001, newborn vs. older calves).
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2-min assay. In contrast to PMNL, the phagocytic activity (percentage of phagocytizing
cells, mean fluorescence activity) of monocytes was markedly higher in newborn calves
than in calves at the age of 3—9 weeks in the 15-min assay.

3.3. Role of opsonization for the phagocytic activity in newborn and older calves

To distinguish humoral from cellular aspects of phagocytosis, blood samples taken
from newborn calves 1 h p.p. were incubated with bacteria that were opsonized with
autologous or homologous plasma or xenogeneic serum. Irrespective of the opsonin
used, the percentage of phagocytizing monocytes and PMNL in the 2-min assay was
lower in newborn calves 1 h p.p. than in calves aged 3—-9 weeks (Fig. 2, p < 0.05 for
monocytes, p < 0.001 for PMNL). As it was seen with bacteria opsonized with
autologous plasma in the 15-min assay, the percentage of phagocytizing PMNL was
identical in both age groups, while the percentage of phagocytizing monocytes was
higher in the newborn group (p < 0.05).

Nevertheless, opsonization had some effects on phagocytosis. These effects were
most prominent for PMNL in the 2-min assay ( p < 0.001). In the newborn group the
percentage of PMNL ingesting bacteria opsonized with homologous plasma was markedly
higher than the percentage of PMNL ingesting bacteria that were opsonized with
autologous plasma or xenogeneic serum. In the blood of 3—9-week-old calves bacteria
were phagocytized by an equal percentage of PMNL irrespective of the opsonin.
Opsonization exhibited similar but less striking effects on the average number of
ingested bacteria per cell (data not shown).

opsonins: [T autologous plasma homologous plasma [EE xenogeneic serum
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i newborn  calves  newborn  calves newborn calves  newborn calves
Agegroup: calves  3-9weeks calves  3-9weeks calves 3-9weeks calves 3-9 weeks
incubation time: 2 min 15 min 2 min 15 min
p-values: p < 0.05 for age p = 0.05 for age p=0.001 for age

p < 0.01 for opsonin p <0.001 for opsonin

Fig. 2. Effects of three different opsonins on the percentages of phagocytizing monocytes and polymorphonu-
clear leukoeytes (PMNL) in peripheral blood of newborn calves 1 h p.p. (n=10) and calves 3-9 weeks of age
(1= 10). Cells were incubated with fluorescein-labeled E. coli for 2 and |5 min at a bacteria/PMNL ratio of
60:1. Statistical analysis by 2—way ANOVA.
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3.4. Effect of aging and colostrum uptake on phagocytic activity in newborn calves

As it is outlined in Fig. 3 (right panel) the percentage of phagocytizing PMNL
changed within the first 4 h after birth ( p» < 0.001 for the 2-min assay:; p < 0.05 for the
15-min assay). Furthermore, colostrum ingestion had a highly significant effect on the
change in the percentage of phagocytizing PMNL from | h to 4 h p.p. (p» < 0.001 for
the 2-min and 15-min assays each). The percentage of phagocytizing PMNL increased
only in those calves that were fed colostrum, but not in colostrum-deprived calves. This
increase mainly appeared with bacteria that were opsonized with autologous plasma or
xenogeneic serum. However, even the high phagocytic activity against bacteria op-
sonized with homologous serum was enhanced in colostrum-fed calves. An increase in
the percentage of phagocytizing cells in the colostrum-fed, but not in the colostrum-de-
prived group, was also seen for monocytes (2 min of incubation; Fig. 3, left panel). The
average number of bacteria ingested per cell was also influenced by age. In the 15-min
assay, the mean fluorescence intensity of PMNL generally declined from 1 h to 4 h p.p.
(p <0.05), irrespective of colostrum ingestion (data not shown).

3.5. Oxidative burst activity of blood phagocytes in newborn and older calves
Both inactivated bacteria and phorbol myristate acetate (PMA) induced an oxidative

burst in monocytes and PMNL (Fig. 4). Comparing newborn calves 1 h p.p. with older
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animal sroun: colostrum- colostrum- colostrum- colostrum- colostrum- colostrum- colostrum- colostrum-
imal group: fed deprived fed deprived fed deprived fed deprived

incubation time: 2 min 15 min 2 min 15 min

p-values: p < 0.05 for age p < 0.05 for opsonin p <0.001 for age p <0.05 for age

p <0.001 for opsonin p < 0,05 for opsonin
p <0.001 for colostrum p < 0.001 for colostrum
correlated with age correlated with age

Fig. 3. Changes in the percentages of phagocytizing monocytes and polymorphonuclear leukocytes (PMNL) in
peripheral blood of newborn calves between 1 h and 4 h p.p. (bacteria/PMNL ratio: 60:1). Bars represent the
calculated mean difference = S.D. between the 4 h and 1 h p.p. blood sample results of the respective group
(=5 in either group). Three different opsonic stimuli were used as described in Section 2. Statistical analysis
by 3-way ANOVA.
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Fig. 4. Percentages of oxidative burst positive monocytes and polymorphonuclear leukocytes (PMNL) in
peripheral blood of newborn calves 1 h p.p. (#=10) and calves 3—9 weeks of age (s = 10) after incubation
with different stimuli (bacteria/PMNL ratio: 60:1: 833.33 ng/ml PMA). Statistical analysis by 2-way
ANOVA.
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Fig. 5. Changes in the percentages of oxidative burst positive monocytes and polymorphonuclear leukocytes
(PMNL) in peripheral blood of newborn calves between | h and 4 h p.p. Bars represent the calculated mean
difference +£S.D. between the 4 h and | h p.p. blood sample results of the respective group (n=735 in the
colostrum-fed and n=4 in the colostrum-deprived group). Four different stimuli were used to induce
oxidative burst (bacteria/PMNL ratio: 60:1; 833.33 ng/ml PMA).
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calves, PMNL as well as monocytes, showed a higher percentage of oxidative burst
positive cells in newborn calves irrespective of the stimulus applied ( p < 0.001 for
monocytes, p < 0.01 for PMNL). Additionally, neonatal PMNL exhibited a higher mean
fluorescence intensity ( p < 0.03; data not shown).

Within the first 4 h after birth, the percentage of oxidative burst positive PMNL
declined, regardless of colostrum ingestion or stimulus applied (Fig. 5). In contrast, the
percentage of oxidative burst positive monocytes 4 h p.p. depended on colostrum
ingestion ( p < 0.05). Using differentially opsonized E. coli as stimuli, the percentage of
oxidative burst positive monocytes was reduced in 4 h p.p. blood samples of colostrum-
fed calves, whereas in samples of colostrum-deprived calves, the percentage was equal
or slightly elevated compared to the values 1 h p.p.

4. Discussion

To determine the level of functional maturity in neonatal calves, blood phagocytes
were examined 1 h p.p. and prior to colostrum ingestion. By distinguishing between the
phagocytic activity of PMNL and of monocytes, it turned out that only particular
activities of the phagocytic defence are impaired in neonatal calves. Under limiting
experimental conditions, the phagocytosis of PMNL was impaired compared to PMNL
of 3-9-week-old calves. Considering that we and others (LaMotte and Eberhart, 1976;
Riedel-Caspari and Schmidt, 1991) found very high leukocyte numbers and a high
percentage of PMNL in neonatal calves, the total capacity of nconatal calves for
microbial elimination by blood PMNL must be several fold higher than in older calves.
In contrast to PMNL, monocytes of neonatal calves showed a higher bacterial uptake
than monocytes of 3—9-week-old calves under optimal experimental conditions, proba-
bly also contributing to the compensation of low PMNL activities in the newborn
animal. Thus, our results contradict the hypothesis of generally impaired phagocytosis in
neonatal calves established from previous reports examining only single parameters of
blood phagocyte functions (LaMotte and Eberhart, 1976; Lombardo et al., 1979;
Riedel-Caspari and Schmidt, 1991).

The lower phagocytic uptake by newborn PMNL was reflected by a lower percentage
of phagocytizing cells, as well as a lower average number of bacteria ingested by
individual cells in the 2-min assay. Therefore, we assume that under in vivo conditions,
PMNL from newborn calves need more time to eliminate bacteria than PMNL of older
calves. However, PMNL of calves from both age groups exhibited a similar phago-
cytosis pattern when blood samples were incubated at a high bacteria /PMNL ratio for a
long incubation period. In contrast to our data, LaMotte and Eberhart (1976) and
Riedel-Caspari and Schmidt (1991) described a general reduction in the phagocytosis of
E. coli and streptococci in neonatal calves. These discrepancies may be explained by the
fact that various bacterial strains have different opsonic requirements (Moiola et al.,
1994), or by the different experimental designs and procedures applied. LaMotte and
Eberhart (1976) and Riedel-Caspari and Schmidt (1991) prepared smears after incuba-
tion of blood samples with bacteria for 10 min calculating the phagocytic activity of a
sample from the number of PMNL that ingested more than 6 E. coli and the number of
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streptococci ingested by 100 PMNL. In our study, phagocytosis was evaluated by flow
cytometry on a single cell level after various incubation times, allowing a more objective
evaluation of phagocytic activity.

We assume that the slower phagocytic uptake by PMNL from calves 1 h p.p. is
caused by humoral, as well as cellular factors. The involvement of humoral factors was
indicated by the result that the slower phagocytosis by PMNL in neonatal calves could
be almost accelerated to levels of older calves when the bacteria were opsonized with
plasma from adult cows. The poor opsonic activity of neonatal serum was found to be a
result of a deficiency in immunoglobulins as well as in serum complement (Adams et
al., 1992; Mueller et al., 1983). However, our data show that currently unknown cellular
factors must also be involved in the phagocytic impairment of neonatal calves. Homolo-
gous opsonization of bacteria only partially restored the reduced phagocytosis, activating
an additional portion of blood PMNL to phagocytize bacteria. Obviously, a decreased
number of fully competent phagocytes after birth contributed to the impaired phago-
cytosis. The mechanism of the functional immaturity of neonatal PMNL is not clear, but
may involve a reduced expression of Fc receptors and an insufficient capping of ConA
binding sites on neutrophils as it has been reported previously (Zwahlen et al., 1992).

Blood PMNL, as well as monocytes in neonatal calves 1 h p.p. generated higher
amounts of reactive oxygen species (ROS) than phagocytes from older calves, indepen-
dent of the type of stimulus applied. Interestingly, the percentage of burst positive
phagocytes in nconates was even higher when the identical E. coli strain was used as for
phagocytosis studies, although PMNL of neonates had difficulties to ingest this strain.
Keeping in mind that only those cells are triggered for oxidative burst that actually have
ingested bacteria, the portion of phagocytes both able to ingest and efficiently Kkill
bacteria scems to be much higher in newborn than in older calves. Our results are
supported by reports, stating a shorter lag time for O, generation in neonatal bovine
PMNL (Doré¢ et al., 1991). However, in contrast to our findings, a reduced oxidative
burst activity by neonatal neutrophils stimulated with PMA and E. coli has been
described (Lombardo et al., 1979). This phenomenon was attributed to an altered protein
kinase C activity in those cells (Doré et al., 1992). However, it has to be taken into
account, that stimulation of PMNL not only leads to the production of intracellular ROS,
but also to production of ROS released to the extracellular milieu (Karlsson et al., 1995).
We determined oxidative burst activity on a single cell level, hence intracellularly, while
other authors measured intracellular, as well as extracellular ROS. Despite these
methological differences, we assume that the greater portion of phagocytes producing
intracellular ROS represents another line of compensation for the somewhat lower
phagoceytic activity of those cells in the neonatal calf.

Another goal of this study was to estimate the duration of phagocyte immaturity.
Within the first 4 h of life, the phagocytic activity of blood phagocytes was more or less
unchanged in colostrum-deprived calves. However, after colostrum ingestion, maximum
phagocytosis was unaltered, while the portion of PMNL able to phagocytize bacteria
within 2 min was enhanced. Hence, the effect of colostrum on PMNL phagocytosis is
mainly characterized by a decrease of the average time needed by the cells to recognize
and ingest bacteria, rather than altering the phagocytic capacity of blood PMNL.
Colostrum ingestion enhanced phagocytosis against autologous and xenogencic op-
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sonized bacteria more efficiently than against homologous opsonized bacteria. Conse-
quently, the effect of colostrum on phagocytosis in this early period of life is mostly due
to promoting plasma opsonic activity. Similar data were already reported for yeasts in
lambs (Bernadina et al., 1991) and E. e¢oli in calves (Lombardo et al., 1979). However,
phagocytosis of bacteria opsonized with homologous plasma was also enhanced by
colostrum, although these bacteria were phagocytized very well 1 h p.p. Obviously,
colostrum does not only increase the serum opsonic activity but additionally seems to
stimulate the cellular activity of blood phagocytes by another yet unknown mechanism.
A similiar phenomenon has already been described for phagocytosis of E. coli (Lombardo
et al., 1979) and Streptococcus agalactiae (Riedel-Caspari and Schmidt, 1991) within
the first hours or days of calves p.p.. However, we conclude from our data, that PMNL
already benefit from colostrum as early as 4 h p.p.. Several authors postulate phago-
cytosis promoting substances in colostrum, but the nature of these substances is still
unknown. While human colostrum contains amounts of TNF-a that affect the defence
system of human infants (Straussberg et al., 1995), phagocytosis of Sraphylococcus
aureus by bovine PMNL is not altered by TNF-a (Chiang et al., 1991).

A more suitable model to explain the benefit of colostrum for cellular activity in
newborns is given by a possible role of colostral macrophages, vital leukocytes that
represent the major portion of colostral cells. On the one hand, macrophage—lymphocyte
interactions in milk result in secretion of cytokines, ¢.g., macrophage migration in-
hibitory factor and leukaemia inhibitory factor (Riedel-Caspari and Schmidt, 1990).
Thus, factors released from colostral cells and absorbed through the gut may have
provoked a release of monocyte precursors from the bone marrow of the nconates.
Additionally, it has been suggested that macrophages may migrate from the gut lumen to
the lamina propria as it has already been shown for lymphocytes (Tuboly et al., 1995).
Our data confirm that in addition to its effect on PMNL phagocytosis, colostrum
ingestion reduced the average time necessary for monocytes to ingest bacteria, and
enhanced the portion of phagocytizing monocytes. Therefore, we speculate that mono-
cytes found in calf’s blood after colostrum ingestion are, in part, colostrum-derived. This
is supported by the fact that 4 h p.p. colostrum-fed calves show higher percentages of
monocytes in the peripheral blood than did colostrum-deprived calves (Menge et al.,
submitted).

In conclusion, the present study indicates that the phagocytic system in neonatal
calves is not immature in the sense of a reduced overall competence to eliminate
microorganisms. On the contrary, several impaired functions of phagocytes seem to be
compensated by other enhanced phagocyte activities or by high absolute numbers of
circulating PMNL, presumably leading to a sufficient antimicrobial protection.
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Summary

The present study was undertaken to establish reference values for the composition of blood leucocyte
populations in neonatal calves by differential leucocyte counts and immunophenotyping, Neonatal calves
1h post partum (p.p.) were found to have a very high absolute number of granulocytes while the number
of peripheral blood mononuclear cells was lower than in calves aged 3-9 weeks. The relative numbers of
T cell subpopulations were similar in newborn and older calves, but newborn calves had lower percentages
of B cells and MHC class II positive cells. Within the first 4 h of life the relative numbers of CD2*, CD6",
and CD8" T cells declined in colostrum-fed as well as in colostrum-deprived calves. In contrast, the
percentage of MHC class II positive cells and monocytes increased from 1h to 4h p.p. particularly in
colostrum-fed calves, Although there is some evidence for immaturity of lymphocytes in neonatal calves,
the immune system of these animals seems to be fully present at birth.

Introduction

Neonatal animals, including newborn calves, are highly susceptible to illness or death
caused by micro-otganisms which are less pathogenic for the adult animal. The defence against
such infections relies on the immune system in the neonate. It is well accepted that the immune
system of mammals is functionally immature at birth and subsequently undergoes a process of
sequential development which is both programmed genetically and stimulated externally by
antigen exposure. Due to the unique structute of the ruminantal placenta, calves are born
agammaglobulinaemic (RIEDEL-CASPARI and SCHMIDT, 1991). Thus, the health of neonatal
calves heavily depends on a rapid and sufficient uptake of colostral immunoglobulins and an
early development of protective immune mechanisms. While the immunoglobulin content of
neonatal calf’s blood at birth and in the period thereafter has been extensively studied, little is
known about-the maturity and development of the cellular immunity, such as an increased
spontaneous proliferation of blood mononuclear cells in neonatal calves (RIEDEL-CASPARI
and SCHMIDT, 1991). Because assays to examine cellular functions are influenced by the relative
numbers of cell subsets in the cell preparation tested, an evaluation of the cellular composition
is crucial for the'interpretation of the results obtained from those studies.

To date, data of blood leucocyte composition in the newborn calf are barely available.
High absolute numbers of granulocytes and slightly reduced absolute lymphocyte counts have
been described (LAMOTTE and EBERHART, 1976; MENGE etal., 1998). WILSON etal. (1996)
reported marked differences in T cell subset distribution between fetal] maturing and older
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calves, but cells other than T cells were not investigated. The animals were examined immediately
after birth and 48 h later. Because peripheral blood leucocyte composition may be influenced
by natal stress immediately after birth and by colostrum ingestion in the days thereafter
(LAMOTTE and EBERHART, 1976; PITTARD etal., 1989) the values reported probably do not
precisely reflect the leucocyte composition of neonatal calves during the time interval after
recreation and before the first uptake of colostrum. Thetefore, the aim of the present study
was to establish reference values for the leucocyte composition in newborn calves during their
first hours of life by differential leucocyte counts and immunophenotyping using flow cytometry.

Materials and Methods
Apnimals

Ten calves (holstein X german black pied) were delivered in the Clinic for Veterinary Gynaecology
and Obstetrics, University of Giessen with minimal or no manual assistance. All calves were separated
from their dams before suckling. Thereafter, five calves received colostrum within the second or third
hour of life (colostrum-fed group) whereas the others did not until the 4 h blood sample had been taken
(colostrum-deprived group). Another 10 colostrum-fed calves (holstein x german black pied) aged 3-9
weeks and maintained on straw served as the control group. All calves appeared clinically healthy throughout
the investigation.

Sample preparation and flow cytometric analysis

Blood samples were collected from calves by jugular venipuncture using vials containing heparin or
ethylene diamine tetra acetic acid (EDTA) (Sarstedt, Nimbrecht, Germany). The EDTA blood samples
were used for total leucocyte counts in a SYSMEX micro cell counter F800 (Sysmex, Norderstedt,
Germany). For immunophenotyping, 200 ul of heparinized blood was incubated with 5 ml of erythrocyte
lysing solution (8.26 g NH,CI, 1.09 g NaHCO;, 0.037 g Na,EDTA per 1000 ml A. dest.) for 5min (room
temperature (RT)), pelleted by centrifugation (200 g, 5 min), resuspended in 1.2 ml of phosphate-buffered
saline (PBS; 10g NaCl, 0.25g KCl, 0.25g KH,PO,, 1.8g Na,HPO,*2H,O per 1000 ml A. dest)) and
applied to a V-shaped microtitre plate at 100 ul per well. After centrifugation (200g, 10 min, 4°C) the
pellets were resuspended in the supernatant of one of the following hybridoma cell lines: IL.-A11 (detecting
BoCD4), IL-A15 (BoCD11b), IL-A16 (BoCD11¢), IL-A24 (macrophage differentiation antigen), IL-A29
(BoWC1), IL-A43 (BoCD2), IL-A57 (BoCD6), IL-A65 (BoCD21), IL-A99 (BoCD11a), IL-A105 (BoCD8)
and J11 (BoMHC class IT) (BALDWIN etal., 1988; ELLIS etal., 1988; HOWARD and MORRISON, 1991;
NAESSENS etal., 1993, 1998). Leucocytes were incubated for 20min on ice, washed once with PBS,
resuspended with 50 pl of antimouse polyvalent FITC-conjugate fluorescein isothiocyanate (Sigma, Deisen-
hofen, Germany) diluted 1:100 in PBS and incubated for another 20 min on ice. The cells were washed
twice and analysed on an EPICS ELITE® analyser (Coulter, Krefeld, Germany) using the ELITE 3.1
software. Electronic gates were set according to the negative controls (cells without primary antibodies)
included in each test series defining less than 2% of these cells as positive.

Statistical analysis

Data were analysed by two-way ANOVA and Student’s t-test using BMDP/Dynamic (Statistical
Software Inc.; DIXON, 1993). The results were evaluated as follows: P < 0.001 highly significant, P < 0.01
significant, P < 0.05 weakly significant, and P > 0.05 not significant (n.s.).

Results
Blood lencocyte composition in neonatal calves and calves aged 3—9 weeks

At 1h post partum (p.p.) calves had more leucocytes per ml blood than calves aged 3-9
weeks (13.19 + 4.69 x 10° cells/ml vs. 7.66 + 1.01 x 10° cells/ml; P < 0.01). The differential
leucocyte counts revealed that the proportion of granulocytes was higher in the neonates
(76.86 £ 9.1 % vs. 32.04 £ 14.1%; P < 0.001). In contrast, the percentage of monocytes and
lymphocytes (MNL) was lower in the newborn calves (23.14 + 9.1% vs. 67.96 + 14.1 %;
P < 0.001).

Differences between age groups were less striking regarding the proportions of granulocyte
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or MNL subsets (Table 1). Among MNL, the percentages of afTCR T cells (CD2") and their
subpopulations (CD4" and CD8" T cells) as well as WC1" cells (representing the majority of
yOTCR T cells) were similar in both ages. Differences were obsetved in the percentage of B
cells (CD21%) and MHC class II positive cells. Newborn calves at 1h p.p. had lower mean
percentages of B cells (P < 0.01) and MHC class II positive cells (P < 0.05) than 3-9-week-
old calves. On the other hand, the percentage of monocytes among MNL was slightly higher
in newborn calves (P > 0.05). MNL of newborn calves also differed from those of older calves
in their expression of adhesion molecules. While CD11a and CD11c¢ were present on an equal
proportion of MNL in both groups, CD11b was present on more MNL and granulocytes in
newborn calves 1 h p.p than in 3-9-week-old calves (P < 0.01 for MNL).

Neatly all granulocytes of both animal groups expressed CD11a and the macrophage
differentiation antigen recognized by the monoclonal antibody IL-A24. In contrast, CD11b and
CD11c were expressed by a higher percentage of granulocytes in newborn than in older calves,
although these differences were not significant.

The absolute numbers of the examined leucocyte subsets per ml of blood were calculated
from leucocyte counts and immunophenotyping. The MNL numbers in blood of newborn
animals were only 60% of the MNL numbers in 3-9-week-old calves (2.91 + 1.29 x 10°
cells/ml vs. 5.14 + 1.04 x 10° cells/ml). In contrast, granulocyte numbers in newborns were
approximately four-fold higher (10.28 + 4.24 x 10° cells/ml vs. 2.52 + 1.35 x 10° cells/ml).

The absolute numbers of most of the different MNL subsets in newborn calves were
again significantly lower and & 60 % of the numbers found in 3—-9-week-old calves (Table 1).
Howevet, the number of CD8" T cells and monocytes (IL-A24 positive) did not differ
significantly between both groups, indicating that the absolute numbers of these MINL subsets
are not as drastically reduced as those of other MNL subsets in neonatal calves.

The four-fold higher number of granulocytes expressing CD11a and the macrophage
activation antigen in newborn calves corresponded to the higher total granulocyte numbers’

Table 1. Relative and absolute numbers of leucocyte subpopulations in peripheral blood of newborn
calves and of calves aged 3-9 weeks

Mean percentage of Mean numbers
Cell population positive cells (+SD) Pvalue (cells x 10°%/ml) + SD P value
and surface of age of age
marker 1h 3-9 weeks groups® 1h 3-9 weeks groups®
MNL
CD2 454+ 102 428+59 ns. 1.39 £ 0.80 2.21 &+ 0.60 <0.05
CD4 194 + 64 202140 ns. 0.59 + 0.34 1.04 £ 0.28 <0.01
CD6 426+ 101 390+70 s 131+ 075 2.04 £+ 0.67 <0.05
CD38 225+73 208+38 ns. 0.71 + 046 1.10 + 0.40 n.s.
WC1 158+76 202+76 ns. 0.46 + 0.26 1.05 4 0.46 <0.01
CD21 49+13 10.0%39 <0.01 0.15+ 0.09 0.54 + 0.28 <0.01
MHC class II 26.8 + 80 33.6 +5.5 <0.05 0.74 £ 0.30 1.70 + 0.33 <0.001
Mag-ag 2574109 189+ 68 ns. 0.69 £0.27 0.94 1+ 0.27 n.s.
CD11a 945+ 40 97.0+18 ns. 277 +1.26 499 + 1.00 <0.001
CD11b 811+60 699+638 <0.001 241 £1.19 3.63 +0.93 <0.05
CD11c 255+88 234489 ns. 0.68 £ 0.25 1.22 £ 0.34 <0.01
Granulocytes
Ma-ag 991+21 989+10 ns. 10.17 +£ 421 250 £+ 1.36 <0.001
CD11a 997 +02 981+19 n.s. 10.25 + 424 248 + 1.36 <0.001
CD11b 529+ 363 3834+249 as. 5.64 + 444 092 +0.73 <0.01
CD11c 723 +17.6 526 £ 241 ns. 7.29 + 413 1204+ 0.73 <0.01

MNL, granulocytes: cell populations defined by flow cytometry; Me-ag: macrophage activatid,ri
antigen; n.s., not significant; SD, standard deviation.,’Calculated by Student’s t-test. 2
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observed. However, the number of CD11b- and CD11c-expressing granulocytes was approxi-
mately six-fold increased in newborn animals compared with 3-9-week-old calves.

Changes in blood lencocyte composition in colostrun-deprived and colostrum-fed calves between 1 b and 4 b p.p.

Itrespective of colostrum ingestion, petipheral blood leucocyte counts did not differ
between 1h and 4h p.p. The petipheral blood of colostrum-deprived calves contained
12.62 + 4.33 x 10° and 13.06 + 2.61 x 10° leucocytes/ml, while the peripheral blood of col-
ostrum-fed calves contained 13.76 + 5.48 x 10° and 13.82 + 2.64 x 10° leucocytes/ml 1h
and 4h p.p., respectively. Differential leucocyte counts revealed slight changes in leucocyte
composition from 1h to 4h p.p. The percentage of granulocytes increased from
72.83 £ 10.93% to 79.12 £ 7.98 % in the colostrum-depzived group and from 80.89 £ 5.12%
to 86.38 £ 1.23 % in the colostrum-fed group, thereby improving the high granulocyte count
observed in newborn calves 1h p.p. However, these changes were not significant and inde-
pendent of colostrum ingestion as calculated by two-way ANOVA.

Immunophenotyping revealed a relative decline of ®fTCR T cells (CD2"; P < 0.05) and
mature afTCR T cells (CD6"; P < 0.05) during the first hours of life (Table 2). This effect was
consistent with a decline in the proportion of CD8" T cells (P < 0.05). In contrast, the
percentages of MHC class II positive cells and monocytes (IL-A24 positive) among MINL
increased from 1h to 4h p.p. (P < 0.05). As demonstrated for total and differential leucocyte
counts, colostrum ingestion had no statistically significant influence on the leucocyte subset
distribution in newborn calves in this early period of life. Nevertheless, the proportion of
monocytes and MHC class IT positive cells was slightly higher in the colostrum-fed group
(P > 0.05). Changes in the absolute numbers of the leucocyte subsets in neonatal calves from
1h to 4h p.p. were not observed in either colostrum-deprived or colostrum-fed calves.

Table 2. Cell surface markers on MNL and granulocytes of newborn calves 1h and 4 h post partum
(p-p-) with and without colostrum ingestion (mean percentage of positive cells +SD)

Colostrum-fed Colostrum-deprived
Cell population and
surface marker 1hp.p. 4hp.p. 1hpp. 4hp.p.
MNL
CD2° 45.7 + 4.1 343+ 8.2 45.1 + 14.7 354 + 109
CD4 18.9 + 6.2 16.4 + 6.7 200+ 73 19.1 + 49
CD6* 4231+ 6.6 332+ 87 428 + 13.6 374+ 88
CD8" 240+ 42 156415 21.0+ 9.8 15.8 + 6.7
WC1 147+ 72 127+ 5.8 16.9 + 8.7 17.7 + 8.1
CD21 s24 11 51+14 46+ 1.5 45+ 19
MHC class IT* 283+ 9.1 404 +92 253475 335+ 10.0
Mg-ag* 259+ 8.3 41.3 + 121 25.6 + 14.0 331 +£99
CD11a 95.7+ 1.5 945 4+ 2.6 932 + 5.6 92.6 + 4.8
CD11b 81.1+53 843+ 39 | 811+ 74 79.5 + 4.0
CDl11c 28.1 4+ 9.0 40.1 + 11.6 21.1 4+ 8.2 30.0 + 8.1
Granulocytes
Mg-ag 99.7 + 0.0 99.6 + 0.2 98.4 + 3.0 98.6 + 2.6
CDl11a 99.7 + 0.2 99.7 + 0.2 99.7 + 0.2 99.7 + 0.1
CD11b 52.4 + 33.1 55.6 + 26.4 535+ 433 54.0 + 45.8
CDl11c 66,1 + 18.3 59.8 + 19.4 827 + 127 75.3 4+ 24.9

-

MNL, granulocytes: cell populations defined by flow cytometry; Mg-ag, macrophage activation
antigen; SD, standard deviation. *T'wo-way ANOVA of this parameter revealed a significance for the
time of blood sampling (P < 0.05) but not for, the animal group.
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Discussion

In the present study similar percentages of the major lymphocyte subsets were found in
the blood of neonatal and 3—9-week-old calves. As far as can be concluded from blood values,
these data imply that the bovine immune system is fully present at birth, Similar proportions
of CD3", CD4", CD8" and CD20" cells in cord blood and adult venous blood have also been
reported for human neonates (BERRY etal., 1992; ERKELLER-YUKSEL etal., 1992). However,
blood lymphocytes of human neonates markedly differed from the respective cells in adults
with regard to the expression of differentiation and activation antigens. CD38 and CD45RO,
markers for immature or naive cells, were expressed on drastically more cord blood cells than
on adult blood cells (BECK and LAM-PO-TANG, 1994). In our study, the CD6 to CD2 ratio
did not differ significantly between newborn and 3-9-week-old calves. The bovine CD6 antigen
is expressed on most but not all peripheral blood CD2" cells and indicates mature T cells
(HOWARD and MORRISON, 1994). Thus, our results indicate a similar degree of T' cell maturity
in neonatal and older calves. However, there is also evidence for immaturity of these cells in
neonates, as MHC class II values differed between calves of both ages. MHC II has been
described as an activation marker on mature memoty, but not on resting T cells in the blood
of men, sheep and horses (LUNN etal., 1993; MALINOWSKI and RAPAPORT, 1995) and some
bovine T cells express MHC II when activated i# #ifro (MORRISON etal., 1988). In 3-9-week-
old calves, we found that the proportion of MHC II positive cells was higher than the sum of
the proportions of B cells and IL-A24 positive cells. Thus, we speculate that thete is a population
of mature MHC 11 positive T cells in the blood of older calves. These cells seem to be absent
in newborn calves, as in these animals the proportion of MHC II positive cells is lower than
the sum of the proportions of B cells and monocytes.

In addition, we found differences in the absolute numbers of B cells in neonatal calves
and 3-9-week-old calves. Neonates had /70% less cells than older calves. Because serum
antibodies inhibit B cell proliferation and differentiation, BERRY etal. (1992) suggested that in
human fetuses the relative decline in B cells during late fetal development may be due to a
downregulation of fetal B cell proliferation by maternal immunoglobulins. However, in bovine
neonates which are born without any maternal immunoglobulins, it appears more likely that
the absence of antigenic stimulation is responsible for the relatively and absolutely low numbers
of B cells in peripheral blood.

When reference values for blood cell composition in neonates are established, several
factors have to be considered thoroughly. A very critical factor is the preparation procedure.
In our study, whole blood samples treated with ammonium chloride for lysis of erythrocytes
were used for immunophenotyping. In the study of WILSON etal. (1996), reporting higher
CD2, CD4, and WC1 but lower CD8 values, density gradient separated mononuclear cells were
characterized. Because it is known that selective cell loss occurs through the use of density
gradients, this may be the reason for the differences observed. Another factor with an impact
on blood leucocyte values has been extensively studied in humans. A higher percentage of
CD3"/CD4" cells in infants delivered without preceeding labour has been described (PITTARD
etal., 1989). All calves included in the present study wete born vaginally without or with minimal
manual assistance. However, one calf was examined after delivery by Caesarean section (data
not shown). In this animal the percentage of CD8" cells and WC1" cells was clearly higher and
the percentage of monocytes clearly lower than in every other animal examined. Further work
is necessary to evaluate the influence of labour on the immune system of offspring in cattle.

It was stated by RIEDEL-CASPARI and SCHMIDT (1991) that colostrum ingestion and
particularly colostral leucocytes have an impact on leucocyte and differential cell counts in
maturing calves. Furthermore, maternal lymphocytes are translocated from the gut lumen to
the tissues of the potcine and ovine neonate (TUBOLY etal., 1988, 1995). Bovine colostrum
predominantly contains CD8" cells (TAYLOR etal., 1994). When we examined calves 4h p.p.
CD8" cells had significantly dropped, while the CD4" cell values remained unaltered, irrespective
of colostrum ingestion. Although 1-2h after colostrum feeding may be too eatly to detect an
effect of colostrum, our results suppott conclusions drawn-by WILSON etal. (1996), that an
uptake of maternal T cells does not seem to take place in newborn calves.

In conclusion, absolute lymphocyte numbers are reduced in neonatal calves and. thcse
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cells seem to be slightly immature, but the cellular immune system of these animals, not unlike
neonates of other species, seems to be fully present at birth. These findings are in accordance
with previous data regarding the maturity of blood phagocytes in neonatal calves (MENGE
etal., 1998). We found that several impaired functions of phagocytes are compensated by other
enhanced phagocytic activities. Thus, the immune system of neonatal calves, although different
from that of older animals, seems to provide a sufficient protection against invading pathogens.
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Abstract

Neutral glycosphingolipids (GSLs) are considered activation markers on human lymphocytes,
which are fundamental for studying the immune system. For cattle, only a limited number of
activation markers has yet been identified. We recently showed that Shiga toxin I, known to use
globotriaosylceramide (Gbs syn. CD77) as a cellular receptor, depresses proliferation of activated
bovine lymphocytes [Infect. Immunol. 67 (1999b) 2209]. In order to confirm the expression of Gbs/
CD77 on bovine lymphocytes, we flowcytometrically examined a bovine B-lymphoma cell line
(BL-3) and bovine peripheral blood mononuclear cells (PBMC) before and after mitogenic
stimulation and biochemically characterized neutral GSLs extracted from PBMC. CD77 was
detected on the surface of BL-3 cells and cultured PBMC essentially after mitogenic stimulation.
Although expressed by all PBMC subpopulations identified, the portion of CD77" cells was highest
for BoCD8" cells, followed by B-cells and BoCD4 " cells at day 4 of cultivation. Ceramide
trihexoside of stimulated PBMC was structurally determined as Gal(x1-4)Gal(1-4)Gle(1-
lyceramide (Gbs). Biochemically, Gbs was also detected within unstimulated PBMC which
contained ceramide monohexoside (CMH) and Gbs in a ratio of about 4:1. However, stimulation
induced an increase of CMH and Gbs by a factor of 2.5 and 10, respectively, implicating that bovine
lymphocytes regulate surface expression of Gbs/CD77 predominantly by quantitative changes in the

Abbreviations. C16:0, hexadecanoic acid; C24:1, tetracosenoic acid: Gbs, globotriaosylceramide; CDH,
ceramide dihexoside; CMH, ceramide monohexoside; CTetH, ceramide tetrahexoside; CTH, ceramide
trihexoside; GC/MS, gas chromatography/mass spectrometry; GSLs, glycosphingolipids; HPTLC, high-
performance thin-layer chromatography: MALDI-TOF-MS, maitrix-assisted laser desorption/ionization time-
of-flight mass spectrometry; Stx1, Shiga toxin 1

"Corresponding author. Tel.: +49-641-99-38314; fax: +49-641-99-38309.

E-mail address: christian.menge @vetmed.uni-giessen.de (C. Menge).
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Gbs metabolism. This report presents Gbs/CD77 as the first GSL identified on bovine immune cells
and highly recommends this activation dependent antigen as a useful tool to investigate lymphocyte
activation within the bovine immune system. ) 2001 Elsevier Science B.V. All rights reserved.

Keywords: Globotriaosylceramide; CD77; Bovine lymphocytes; Shiga toxin 1; Activation marker

1. Introduction

Following activation of lymphocytes, expression of additional membrane molecules is
modulated and leads to their upregulation or loss from the cellular surface. Quantification
of lymphocytes’ activation marker expression was thus widely introduced in measuring
cellular immune responses in vitro and in vivo (Menge et al., 1999a; Quade and Roth, 1999,
Whist et al., 2000). Functional analysis of activation molecules’ interaction with their
physiological ligands (e.g. cytokines) clarified the mechanisms of lymphocyte regulation.
Moreover, interactions between microbial ligands and lymphocyte surface molecules are
found to be important steps in the pathogenesis of infectious diseases (Rietschel and
Wagner, 1996: Haig and Fleming, 1999; Jeyaseelan et al., 2000). Unfortunately, the
definition of activation molecules in ruminants has so far been limited. The bovine
homologues of IL-2R (BoCD25) (Naessens et al., 1992) and transferrin receptor
(BoCD71) (Naessens et al., 1996) have been described and MHC-II molecules were
found to represent activation markers when expressed by bovine T-cells (Morrison et al.,
1988). Activation molecules preliminary designated as BoWCS8 (Nthale and Naessens,
1993), ACTI1, ACT2, and ACT3 (Davis et al., 1996), mainly expressed by T-cells, were
also identified. Since the bovine homologue of CD40 is also expressed by T-cells (Hirano
et al., 1997), the only B-cell linecage specific antigen identified in cattle so far is the
BoCD21 antigen (Naessens et al., 1990).

Neutral glycosphingolipid (GSLs) are lipid constituents of the cell surface membrane of
all mammalian cells and the sugar moieties of many GSLs are exposed on the cell surface
(Schwarting, 1980). Nevertheless, GSLs have a unique composition in different functional
cell types. In human lymphocytes, monohexosylceramide [Glc([1-1)Cer]|, lactosylcera-
mide [Gal(B1-4)Gle(B1-1)Cer]. globotriaosylceramide |Gbs; Gal(x1-4)Gal(f1-4)Gle(B1-
1)Cer]. and globotetraosylceramide [Gby: GalNAc(B1-3)Gal(x1-4)Gal(B1-4)Gle(B1-
1)Cer] were the only neutral glycosphingolipids found by biochemical analysis (Lee
et al., 1981). Expression of Gbs and Gb, on the cellular surface is almost restricted to B-
cells and these molecules constitute stage-specific antigens defining a subset of terminally
differentiated B-cells located in germinal centers (Taga et al., 1995). Triggering of Gbs,
also designated CD77, induces cell death by apoptosis and is thus the first example of a
glycolipid antigen able to transduce a signal leading to apoptosis (Mangeney et al., 1993).

For several human cell types the Gbs/CD77 molecule has been identified as the eukaryotic
cell surface receptor specifically binding the B-subunit of Shiga toxin 1 (Stx1), produced by
enterohemorrhagic Escherichia coli (EHEC) (Pudymaitis and Lingwood, 1992). It mediates
endocytosis of its ligand, gaining Stx1 access to the cytosol where the Stx1A-subunit
elaborates its enzymatic activity (O’ Brien and Holmes, 1987). To our knowledge, expression
of glycolipids by bovine lymphocytes has not yet been described, but our group recently
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reported that Stx1 is able to block activation and proliferation of bovine lymphocyte
subpopulations in vitro (Menge et al., 1999b). This prompted us to speculate, that Gbs/
CD77 is a good candidate for an activation marker to study the B-cell compartment of the
bovine immune system. Therefore, we examined bovine lymphocyte subpopulations for the
expression of the CD77 antigen by flow cytometry and defined the conditions under which
CD77 expression takes place. The antigen was structurally shown to be Gbs, and the lipid
moiety was characterized as to its sphingoid base and fatty acid composition.

2. Material and methods
2.1. Cell cultures

BL-3 cells (ECACC 86062401), a bovine B-lymphoma cell line originally isolated from
a case of spontancous leukosis, but secondary infected with bovine leukemia virus
(Romano et al., 1989) and bovine virus diarrhea virus were maintained in a 1:1 mixture
of RPMI 1640 and Leibovitz L. 15 medium supplemented with 20% fetal calf serum, 2 mM
glutamine, 100 U penicillin, and 100 pg streptomycin per ml. Bovine peripheral blood
mononuclear cells (PBMC) were separated from bovine blood samples taken from the herd
of the teaching and research farm ““Oberer Hardthof™ of the Justus-Liebig-University by
centrifugation on Ficoll-Paque ™ gradients as described (Menge et al., 1999b). Cells were
resuspended at 1.66 x 10° cells/ml in modified cell culture medium (RPMI 1640 supple-
mented with 0.532 g/l N-acetyl-L-alanyl-L-glutamine, 10% fetal calf serum and 3 um 2-
mercaptoethanol). In stimulation assays, medium was additionally supplemented with
ConA (5 pg/ml), PHA-P (5 pg/ml), PWM (10 pg/ml), or LPS from E. coli O111:B4
(25 pg/ml; Sigma, Deisenhofen, Germany). Microtiterplates or cell culture flasks, respec-
tively, were incubated at 37°C with 5% CO, for 1-8 days. Lymphocytes from colonic
lymphnodes of a 1l-week-old calf were prepared immediately after euthanasia by
thoroughly resuspending minced pieces of lymphnodes in cell culture medium. Tissue
fragment were allowed to settle, the supernatant was washed twice and the cells were
stored at —80"C until flow cytometry analysis.

2.2, Immunophenotyping and flow cytometry analysis

At the end of the cultivation period, cells were submitted to immunolabeling as
previously described (Menge et al., 1999b). For some experiments cells were fixed and
permeabilized to gain antibodies access to intracellular compartments. Cells were resus-
pended in 50 pul PBS supplemented with 2% formalin and 50 pl 0.1% Triton X-100/0.1%
Na-citrate solution and incubated for 30 and 2 min, respectively. Upon washing with PBS
(200 x g, 10 min, 4°C) pellets were resuspended in 50 pl PBS as a negative control, with
PBS containing rat IgM (2 pg/ml; Camon, Wiesbaden, Germany) as an isotype control or
with anti-CD77 mAb clone 38.13 (diluted 1:10; Coulter-Immunotech Diagnostics, Kre-
feld, Germany). After incubation (20 min, 4°C), cells were washed once, and resuspended
with anti-rat IgM FITC- or R-PE-conjugate (Dianova, Hamburg, Germany) diluted 1:100
in PBS containing 2 pg/ml propidium iodide. Following another 20 min on ice, the cells

126



6. Vorgelegte Veroffentlichungen

22 C. Menge et al. /Veterinary Immunology and Inmunopathology 83 (2001} 19-36

were washed twice and analyzed with an EPICS ELITE" analyzer (Beckman-Coulter,
Krefeld, Germany) and 5000 events were acquired from each sample. Data analysis was
performed using the ELITE 3.1 software provided by the manufacturer. Electronic gates
were set according to the negative control included in each test series defining less than 2%
of the cells as positive.

In double staining experiments, cells were first resuspended in 50 pl of cell culture
medium as a negative control or with supernatant of hybridoma cell lines (IL-A11 for
BoCD4, IL-A57 for BoCD6, IL-A105 for BoCDS8, IL-A16 for BoCDllc, IL-A65 for
BoCD21, IL-A29 for BoWC1, J11 for BoMHC-II, and [L-A24 for a bovine differentiation
activation antigen; Naessens et al., 1997). After 20 min on ice, cells were washed once with
PBS and submitted to the staining protocol as described above. Though, before incubating
with anti-rat IgM conjugate cells were additionally incubated with anti-mouse Ig R-PE
conjugate (1:100; Sigma).

2.3. Isolation and purification of neutral glycolipids

PBMC of days 0 and 4 (500 million cells each) were washed several times with PBS and
lyophilized yielding dry-weights of 21 (day 0) and 41 mg (day 4). Glycolipids were
isolated by consecutive extractions, saponification, desalting on a reverse-phase-cartridge
and fractionation on a DEAE-Sephadex-A25 column (Dennis et al., 1998). The acidic
fraction was desalted on a reverse-phase-cartridge. Neutral fraction glycolipids were
further purified by Florisil chromatography (Dennis et al.,, 1995), and neutral as well
as acidic glycolipid fractions were analyzed by HPTLC and orcinol/H,SO,-staining as
described elsewhere (Dennis et al., 1998). Aliquots of the neutral glycolipids were
fractionated on a silica-gel column (40 mg of silica-gel 60; Merck, Darmstadt) to yield
CMH and CTH (Dennis et al., 1995).

2.4. Structural analysis

MALDI-TOF-MS and on-target enzymatic cleavage were performed as described
previously (Geyer et al., 1999). For on-target enzymatic cleavage, a-galactosidase from
green coffee beans (1.5 mU, 6 h; Roche Diagnostics, Mannheim, Germany) was used. For
carbohydrate composition analysis, glycolipids were hydrolyzed (4 M trifluoroacetic acid,
4 h, 100°C) and analyzed as their anthranilic acid derivatives by high-performance liquid
chromatography (Anumula, 1994). For methylation analysis, glycolipids were permethy-
lated and hydrolyzed as described above. Partially methylated alditol acetates obtained
after sodium borohydride reduction and peracetylation were analyzed by GC/MS, using the
instrumentation and microtechniques described elsewhere (Geyer and Geyer, 1994). CMH
and CTH from days O and 4 was treated with 500 pul 1 M HCI and 10 M H,O in methanol
for 16 h at 100°C according to Gaver and Sweeley (1965). The fatty acids, released as their
methyl esters, were separated from the remaining sphingoid bases and saccharide residues
with a three-fold phase-partition using n-hexane. The pooled n-hexane partitions were
dried down under N, and analyzed by GC/MS. For sphingoid base analysis, 2 ml of water
and 500 ul of 25% NH; were added to the lower methanol phase, and the sphingoid bases
purified by a three-fold phase-partition using 2 ml aliquots of chloroform. The chloroform
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fractions were dried down under N>. As a modification of the derivatization method
described by Zanetta et al. (1999), after addition of 200 pl acetonitrile and 25 pl
pentafluoropropionic anhydride, the sample was heated for 30 min at 150°C, dried down
under N,, taken up in acetonitrile and analyzed by GC/MS. For identification, CI8-
sphingosine, C18-sphinganine and C18-phytosphingosine standards were used.

2.5. Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as described previously (Wuhrer et al., 1999). Anti-CD77 rat [gM
mAb 38.13 (diluted 1:15; Coulter-Immunotech) and rabbit, horseradish peroxidase-con-
jugated, anti-rat Ig (diluted 1:500; Dako Diagnostics, Hamburg, Germany) were used as
primary and secondary antibodies, respectively.

3. Results
3.1. CD77 expression by BL-3 cells

Using flow cytometry to determine the expression of the CD77 antigen by BL-3 cells,
viable cells taken from maintenance cultures bound the anti-CD77 mAb only to a very low
extent (Fig. 1B). Furthermore, when the cells were analyzed separately according to their
light scatter characteristics (Fig. 1A) enabling the discrimination of viable and subvital
cells (cells which exhibited light scatter characteristics similar to dead cells, but retained
their membrane integrity as concluded from the lack of propidium iodide uptake), it
became obvious that CD77 expression is almost restricted to cells of the subvital
population (Fig. 1C and D). While immunolabeling of viable cells only detected surface
antigen expression, analysis of permeabilized cells revealed that nearly all BL-3 cells
bound the anti-CD77 mAb indicating the presence of the CD77 antigen inside the majority
of the cells (Fig. 1B). As BL-3 cells are resistant to the apoptosis inducing effect of Stx1
unless they are stimulated by B-cell mitogens (Menge et al., 1999b), we reinvestigated the
cells after incubation in the presence of PWM (10 pg/ml) or LPS (25 pg/ml) for 4 days.
Mitogenic stimulation led to an enhanced CD77 expression on the cellular surface with
LPS being a stronger inductor of CD77 expression than PWM (Fig. 1C and D). While
stimulation enhanced the percentage of subvital cells expressing CD77 on the surface it
also induced a slight increase in the mean fluorescence intensity of all viable cells coincid-
ent with a low CD77 surface expression by the majority of the cells. In addition, mitogenic
stimulation also affected expression of other leukocyte markers (data not shown). Incuba-
tion in the presence of PWM as well as LPS newly induced the surface expression of
BoCD11c and increased the number of BOMHC-II molecules expressed per cell. In contrast,
stimulation led to a slight decrease in BoCD4 and BoCD6 expression by BL-3 cells.

3.2. Kinetics of CD77 expression by bovine PBMC

Bovine PBMC freshly prepared from blood samples (day 0 PBMC) did not bind anti-
CD77 mAb. When PBMC were cultivated, however, binding of anti-CD77 was detectable
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Fig. 1. CD77 expression by the bovine B-lymphoma cell line BL-3. Flow cytometry analysis was used to detect
binding of anti-CD77 mAb and FITC-labeled secondary antibody to unstimulated BL-3 cells (B) either in a
native state or after permeabelizing treatment. In a separate set of experiments (C and D), BL-3 cells were
incubated without mitogens or in the presence of PWM (10 pg/ml) and LPS (25 pg/ml), respectively, for 4 days
before immunolabeling was carried out (dashed lines represent isotype controls). Due to their light scatter
characteristics (A) viable cells (marked as R1) could be distinguished from subvital cells (marked as R2) and
separately analyzed (C viable cells, D subvital cells).

as early as | day after initiation of the culture (Fig. 2). Although the cells expressed CD77
even in the absence of mitogenic stimulation, addition of mitogens (ConA, PHA-P, PWM,
and LPS, respectively) strongly increased the percentage of positive cells with PHA-P
being the most potent stimulus (see Fig. 2 for PHA-P and LPS; ConA and PWM data not
shown). The percentage of CD77 " cells constantly rose during the cultivation period. but
CD77 expression of the cells differed according to their light scatter characteristics. The
populations of lymphoblasts, vital non-blasts and subvital cells were thus monitored
separately (Fig. 3A). In the absence as well as in the presence of all mitogens used. the
highest percentage of CD77" cells was found within the blast cell population whereas an
intermediate percentage of subvital cells expressed CD77 (Fig. 2). The percentage of
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Fig. 2. Time course of CD77 expression by bovine PBMC in vitro and influence of mitogenic stimulation.
Bovine PBMC were incubated without mitogen or in the presence of PHA-P (5 pg/ml) and LPS (25 pg/ml) as
indicated. Daily, an aliquot of native cells was stained with anti-CD77 mAb and FITC-labeled secondary
antibody. The percentage of positive cells was determined separately for blast cells, non-blast cells and subvital
cells using a flow cytometer. Data are mean + S.D. from independent PBMC preparations (n = 4). Missing error
bars are within symbols.
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Fig. 3. Representative flow cytometer histograms illustrating CD77 expression pattern by bovine PBMC. PBMC
of a 3-year-old cow were incubated in the presence of PHA-P (5 pg/ml) and aliquots of native cells were stained
with anti-CD77 mAb and FITC-labeled secondary antibody at the time points indicated. Due to their light scatter
characteristics (A PBMC stimulated for 24 h are shown for example, i.e. before significant enlargement of the
cells takes place) viable non-blast cells (marked as R1) could be distinguished from viable blast cells (R2) and
subvital cells (R3) and separately analyzed for their fluorescence intensity (B viable blast cells, C viable non-
blast cells, D subvital cells). The x-axes in B, C, and D are scaled logarithmically. Histograms are representative
of six-fold determinations performed with cells from one animal.

CD77" subvital cells constantly rose over the entire cultivation period but the percentage of
CD77" blast cells reached its maximum at days 3—4. Non-blast cells expressed CD77 only
in PHA-P (Fig. 2), ConA or PWM (data not shown) stimulated cultures, but neither in the
absence of mitogenic stimulation nor in the presence of LPS.

The populations of blast cells, non-blast cells, and subvital cells also differed in the
number of CD77 molecules presented on the cellular surface (Fig. 3). Blast cells exhibited
a wide range of fluorescence intensities for CD77 detection over the entire cultivation
period. Similar expression patterns were found for non-blast cells, although the fluores-
cence intensities were lower. Contrarily, subvital cells exhibited very high fluorescence
intensities from the beginning and CD77™¢" subvital cells accumulated towards the end of
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the cultivation period. During analysis of the data presented in this publication dead cells
characterized by their ability to take up propidium iodide were excluded to avoid the
detection of unspecific binding of anti-CD77 mAb and secondary antibody. Nevertheless,
isotype controls confirmed that specific binding of anti-CD77 mAb was also detectable on
propidium iodide positive cells. Total anti-CD77 mAb binding was almost equal to
propidium iodide positive and negative cells indicating the lack of correlation between
mAb binding and cellular death.

3.3. CD77 expression by bovine PBMC subpopulations in vitro and in vivo

As we described recently, Stx1 affects activation and proliferation of different bovine
lymphocyte subpopulations to various extents (Menge et al., 1999b). To examine whether
these differences in subpopulations’ susceptibility are reflected by differences in CD77
expression we performed double labeling experiments. At day 4 after initiation of PHA-P
stimulated cultures the CD77 antigen was detected on the surface of all subpopulations
identified: TCR1 cells (as defined by the BoWC1 antigen; data not shown), BoCD4 " cells,
BoCDS" cells, B-cells, and even monocytes (Fig. 4). However, the pattern of CD77
expression differed. While the ratio of CD77 " to CD77  cells was 7.7 for BoCD8 " cells —
mainly affected by Stx1 in PHA-P stimulated cultures — it was 4.1 and 3.3 for BoCD21"
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10.0% 33.2% 7.6% 98.7%
8 B
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2 e
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Fig. 4. Flow cytometer dot plots illustrating CD77 expression by bovine PBMC subpopulations in vitro. PBMC
of a 3-year-old cow were incubated in the presence of PHA-P (5 pg/ml). On day 4 of the incubation period,
native cells were double-labeled with anti-CD77 and subpopulation identifying mAbs. Dot plots depict cells of
the blast cell population from a single experiment.
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Fig. 5. Flow cytometer dot plots illustrating CD77 expression by bovine lymphocyte subpopulations in vivo.
Lymphocytes freshly obtained from Lnn. colici of a calf were double-stained with anti-CD77 and subpopulation
identifying mAbs. Dot plots depict viable cells from a single experiment.

cells and BoCD4 " cells, respectively. Likewise, the fluorescence intensity for the CD77
detection was highest for BoCD8 " cells. Similar results were seen with cells incubated
without mitogen or in the presence of ConA, PWM, and LPS (data not shown). To address
the question whether CD77 expression is restricted to in vitro conditions or also takes place
in vivo, we phenotyped lymphocytes freshly derived from the colonic lymphnodes of a calf.
As it is shown in Fig. 5 about one quarter of B-cells highly expressed the CD77 antigen.
Although present in lower numbers as within PBMC, CD77 expression could also be
detected on about one-fifth of BoCD4" and BoCDS8" cells.

3.4. Biochemical analysis of glvcolipids from unstimulated and stimulated bovine PBMC

Neutral and acidic glycolipids were isolated from 500 million cells of freshly prepared
PBMC (day 0) and PBMC stimulated with PHA-P (5 pg/ml) at day 4 after initiation of the
culture, respectively. Glycolipids were visualized in HPTLC by orcinol/H>SO4-chemical
staining (Fig. 6). PBMC of day 0 had much less neutral glycolipids than those of day 4. The
most striking difference was in the amount of ceramide trihexoside (CTH), which had
strongly increased from days 0 to 4. To a lesser extent, this was also the case for ceramide
monohexoside (CMH). The acidic fractions of days 0 and 4 exhibited related band patterns
and were not further analyzed.
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Fig. 6. HPTLC of neutral and acidic fraction glycolipids obtained from bovine PBMC at days 0 and 4 of the
incubation period. The amount of PBMC glycolipids per lane were obtained from 2 mg PBMC dry-weight each,
which were calculated to correspond to approximately 50 million cells for day 0 and 25 million cells for day 4,
respectively. Glycolipids were resolved using the running solvent chloroform:methanol:water, 65:25:4 (by
volume) and visualized by orcinol/H,SO,-staining. The standard (S) of CMH-CTetH corresponded to globo-
series ceramide mono-, di-, tri- and tetrahexosides, respectively.

MALDI-TOF-MS of day 0 neutral fraction glycolipids revealed mainly CMH (m/z
722.9. 806.9, 834.7; Fig. 7A), with small amounts of ceramide dihexoside (CDH; m/z
884.5) and CTH (m/z 1046.7). Day 4 glycolipids revealed a similarly intense signal for
CMH (m/z 722.8, 806.8, 834.7; Fig. 7B) and CTH (m/z 1046.6, 1130.6, 1158.6) and a
weaker signal for CDH (m/z 884.7), confirming the relative changes observed by HPTLC.
By fractionation on a silica-gel column, CMH and CTH were purified for both days 0 and
4 glycolipids and analyzed by MALDI-TOF-MS (Fig. 7C and D) and carbohydrate
composition analysis (data not shown). The total carbohydrate amounts derived from 500
million cells each were found to be approximately 650, 450, 1700 and 5000 ng for day 0
CMH, day 0 CTH, day 4 CMH and day 4 CTH, respectively. Calculated from these data,
the molar ratios of CMH to CTH were 4:1 at day 0 and 1:1 at day 4. While CMH
contained only Glc, CTH contained Gal and Glc in a ratio of approximately 2:1. On-
target o-galactosidase treatment of day 4 CTH followed by MALDI-TOF-MS revealed a
shift of 162 Da for the CTH signals, indicating the loss of one Gal (Fig. 7E). Methylation
analysis of day 4 CTH yielded terminal Gal (2.3,4.6-GalOH), 4-substituted Gal (2.3,6-
GalOH) and 4-substituted Glc (2,3.6-GlcOH) in a ratio of 0.8:1.2:1 (Fig. 7F). Together,
these data indicated day 4 CTH to be Gal(a1-4)Gal(1-4)Glc(1-1)Cer (globotriaosylcer-
amide; Gbsy).
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Table 1
Fartty acid analysis of PBMC CMH and CTH*
Fatty acid methyl esters Relative amount (%)

CMH (day 0) CTH (day 0) CMH (day 4) CTH (day 4)

Cl16:0 59 79 72 43
C17:0 2 2 2 3
C18* ¥ * * *
C20:0 5 3 2 3
C22:0 15 7 8 19
C23:10 = = = |
C24:1 3 = 4 4
C24:0 16 9 12 27

* Fatty acid methyl esters were analyzed by capillary GC/MS after electron-impact ionization. Relative
amounts are based on peak ratios of individual fatty acid derivatives normalized to 100%. Bold type has been
used to mark major components. C16:0, saturated fatty acid with 16 carbon atoms, C24:1, monounsaturated fatty
acid with 24 carbon atoms. etc. and () indicates C18:0, C18:1 and C18:2 contaminations.

Days 0 and 4 CTH were probed in ELISA with the anti-CD77 mAb (data not shown). For
both time points, the glycolipid amounts applied per well corresponded to 700,000 cells.
Both CTH fractions were recognized by the mAb, but the signal for day 4 CTH was
stronger than that for day 0 CTH, which was in accordance with the small amounts of CTH
found in day 0 PBMC. which further confirms the biochemical identity of the CD77
antigen detected on bovine lymphocytes’ surfaces with Gbs,

Sphingoid base analysis of pentafluoropropionic acid derivatised species by GC/MS in
the positive-ion mode following electron-impact ionization allowed C18-sphingosine to be
detected as the only sphingoid base for day 4 CMH, day 4 CTH and day 0 CMH (data not
shown). A characteristic ion at m/z 409 was observed, which corresponded to a C18-
sphingosine with only one pentafluoropropionic acid moiety remaining. The fragmentation
pattern was analogous to that observed for a C18-sphingosine standard and similar to that
described by Zanetta et al. (1999) for sphingosines derivatized with heptafluorobutyric
acid.

Fatty acids were analyzed by GC/MS using electron-impact ionization. C16:0 was found
to be the dominant species for all glycosphingolipids (GSLs) analyzed (Table 1). which
corresponds to the MALDI-TOF-MS signals at 722 and 1046 Da for CMH and CTH,
respectively (Fig. 7A-D). In addition, C22:0 and C24:0 were observed as major species and
could be correlated with MALDI-TOF-MS signals at m/z 806 and 8§34 Da for CMH and at
mfz 1130 and 1158 Da for CTH, respectively. Despite these similarities, day 4 CTH
molecular species were unique in a way that they comprised increased amounts of fatty
acids with more than 20 carbon atoms.

4. Discussion

So far only some bovine differentiation marker homologues could be identified testing
monoclonal antibodies (mAbs) against human leukocyte antigens for crossreactivity (Sopp
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and Howard, 1997). However, a comparison of mammalian proteins has demonstrated
highest divergence among the ligands and receptors involved in host defense mechanisms.
Consequently, only a relatively low proportion of mAbs to human protein antigens
presumably recognizes homologous ruminant molecules (Naessens et al., 1997). In
contrast, GSLs are much less species-specific, but are sufficiently restricted in their
cellular expression to be considered as differentiation markers (Schwarting, 1980).
Showing binding of the commercially available mAb raised against the human B-cell
antigen CD77 (Wiels et al., 1981) to bovine cells and confirming the biochemical identity
of the respective antigen to Gbs, to the best of our knowledge this has been the first GSL
antigen introduced in bovine immunology. Apart from the improvement that the use of this
antigen will contribute to our understanding of immune responses in cattle, it can be
assumed that the preferential screening of mAbs directed against GSLs for crossreactivity
will easily enlarge the number of activation markers available to study the immune system
of so far ill defined species.

It is interesting to note, that the CD77 antigen is not restricted to B-cells but has a very
broad cellular distribution among bovine lymphocyte subsets. In humans CD77 expression
was originally associated with oncogenic transformation in Burkitt lymphomas (Wiels
etal., 1981), and subsequently found to be restricted to 10-15% of tonsillar B-lymphocytes
in healthy individuals and thus defines a subpopulation of germinal center cells (Mangeney
et al., 1991). CD77" cells express slgM but not slgD and are positive for CD10, CD38,
LFA-1, LFA-3, and CD44 and for a series of B-cell markers such as CD19, CD20, CD21,
CD22, and CD40 (Mangeney et al., 1991, 1993). A number of pre-B-, T-lymphoid and
myeloid cell lines were found to be Gbs/CD77 (Cohen et al., 1990; Mangeney et al.,
1993), but Ramegowda and Tesh (1996) confirmed results of Kniep et al. (1985), who
chemically detected Gbs within myeloid cell lines at late stages of differentiation, and
showed that these cells are able to bind Stx1 on their surface. CD77 expression by T-cells
thus appears to be a unique feature of bovine lymphocytes but due to the broad cellular
distribution the benefit offered by the use of anti-CD77 mAbs in the evaluation of the
bovine immune system is predominantly given by the opportunity to define certain
differentiation stages rather than particular lymphocyte lincages.

The data presented here clearly show that Gb;/CD77 is synthesized and surface
expressed by bovine lymphocytes in vitro particularly after stimulation. Thereby, the
portion of CD77" cells as well as the average number of CD77 molecules per cell
correlated with the activation state. These observations led us to hypothesize that quiescent
lymphocytes forming the vital non-blast population are CD77  or CD77"°Y at the
beginning of the cultivation period. Upon activation and transformation to blast cells
CD77 expression increased resulting in low to moderate expression pattern by up to 60% of
the blast cells 3—4 days after initiation. In 6-8-day-old cultures, CD77™°% ¢ cells
disappeared from the blast cell population with a subsequent cumulation of CD77"e"
cells within the subvital population. Such a correlation of CD77™€" expression and subvital
cell morphology was also seen with BL-3 cells. These observations coincide with a CD77
expression paralleling the activation of bovine lymphocytes up to a certain stage char-
acterized by moderate CD77 expression. At this point the cells either survive and probably
down-regulate CD77 again. Alternatively, they die from apoptosis — coming along with
decreased cell size and increased granularity moving the cells (o the subvital cytometer
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gate and express high levels of CD77. These patterns of CD77 expression thereby
markedly resemble findings for human lymphocytes. Human CD77" B-cells have a
phenotype similar to activated cells but are negative for the classical activation antigens
CD23, CD25, and CD71 (Mangeney et al., 1991). Moreover, CD77 " cells exhibit DNA
fragmentation and morphological features of apoptosis when cultured in vitro (Man-
geney et al., 1991). Although bovine CD77" lymphocytes partially express CD25 (data
not shown) and the correlation of CD77 to other markers of apoptosis needs to be
confirmed, this model perfectly corresponds to our findings with bovine lymphocytes
stimulated in vitro as well as lymphnode cells that have experienced their stimulation in
Vivo.,

Further studies on the functional relevance of our findings are facilitated by the
availability of a well defined Gbs/CD77 ligand — the receptor binding B subunit of
Stx1. Our present knowledge of the Gbsy/CD77 functions was driven by studies on the
impact of StxI on the human immune response, which found Gbs/CD77 (o interact with
two other membrane molecules: (1) Gbs/CD77 associates with the interferon type I
receptor which is a prerequisite for high affinity interferon binding (Ghislain et al.,
1994); and (2) it associates with CD19 thus facilitating appropriate CD 19 folding (Maloney
and Lingwood, 1994). In addition, an unexpected but probably most interesting feature of
Gb3/CD77 was discovered when it was found to transduce extracellular signals: binding of
the Stx1B subunit rapidly induces apoptosis in Gbs/CD77" Burkitt lymphoma cells
(Mangeney et al., 1993). Accordingly, we recently described induction of apoptosis by
Stx1 in the bovine B-lymphoma cell line BL-3 (Menge et al., 1999b), pointing to a Gbs/
CD77 linked signal transduction pathway in bovine cells. However, when bovine PBMC
cultures were treated with Stx1, the toxin induced a change in the cellular composition —
mainly within the blast cell population — without a detectable increase in apoptotic or
necrotic cell numbers. Thus, we assume that Gbs/CD77 is not linked to apoptotic signaling
pathways in normal bovine lymphocytes” membranes. An alternate signaling pathway was
described very recently by Foster et al. (2000) showing that differentiated human
monocytic cells are sensitive to Stxl-mediated TNF-o production via activation of
proteinkinase C. Perturbation of cytokine networks as seen with other bacterial products
(Wilson et al., 1998) could thus provide a feasible explanation for the inhibition of bovine
lymphocyte proliferation. Further studies on this topic also shedding light upon the signal
transduction pathways linked to Gbs/CD77 in the bovine immune system are currently in
progress in our laboratory.

Induction of Gbs/CD77 expression on the surface of bovine lymphocytes obviously
depends on several events. Biochemical detection of Gbs in lymphocytes at day 0 of the
culture as well as the immunological detection of CD77 within fixed and permeabilized
BL-3 cells can be explained by a special feature of GSLs named crypticity. Associated with
changes in cellular functions, Pudymaitis and Lingwood (1992) reported that, although
Gbs is chemically present at significant levels, it may not be available at the cell surface for
ligand binding. This may be due to the presence of Gbs/CD77 solely in intracellular
membraneous compartments, but glycolipid head groups in general are relatively small and
in close proximity to the surface of the cell and may be obscured by intrinsic membrane
proteins. Apart from possible changes in the intracellular distribution and the availability of
Gb3/CD77 on the cell surface, stimulation of bovine lymphocytes several fold increased
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the amount of CMH and Gbs. Comparative fatty acid analysis of Gb; obtained from days O
to 4 PBMC revealed that stimulation also altered the relative amounts of the predominant
fatty acid derivatives from C16 to fatty acids with more than 20 carbon atoms. These
findings implicate that induction of Gb;/CD77 surface expression on bovine lymphocytes
is mainly regulated by sequential activations of the corresponding glycosyltransferases as
it has been described for the sequential shifts observed during human B-cell differentiation
(Taga et al., 1995).
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Protocols to Study Effects of Shiga Toxin
on Mononuclear Leukocytes

Christian Menge

1. Introduction

Endothelial cells are regarded as the main targets of the Shiga toxins (Stxs)
during infections caused by Stx-producing Escherichia coli (STEC). However,
several investigations also confirmed an effect of these toxins on immune cell
functions in species naturally infected with STEC. Human B-cell lines (1) and
tonsillar B-cells (2) are highly susceptible to the cytotoxic activity of Stxl,
which also hampers activation and proliferation of bovine B- and T- cell sub-
populations in vitro (3). Although Stxs appear to be immunosuppressive, they
do not prevent the development of a specific antibody response in STEC-
infected individuals (4-6). Thus, the question of an immunosuppressive effect
of Stx in the pathogenesis of STEC-mediated diseases needs to be addressed.
STEC infections lead to an immunocompromised condition in gnotobiotic pigs
and calves (7,8), which is assumed to contribute to the observed persistency of
infection (e.g., in calves and humans) (9,10).

The investigation of immunomodulation through products of the enteric
flora is usually biased by the fact that a variety of those molecules is known to
positively or negatively regulate inflammatory responses. Apart from the well-
known biological effects of lipopolysaccharide, two factors first decribed for
enteropathogenic E. coli (EPEC) and Citrobacter rodentium, but also present
in STEC, have been shown to modulate the mucosal immune system. First,
lymphostatin, a novel large toxin from EPEC, has been shown to specifically
inhibit lymphocyte proliferation and interleukin-2 (IL-2), IL-4, and v inter-
feron production by murine mucosal lymphocytes (11). Genes-encoding pro-
teins that are homologous to lymphostatin are present on the large STEC

From: Methods in Molecular Medicine, vol. 73: E. coli: Shiga Toxin Methods and Protocols
Edited by: D. Philpott and F. Ebel © Humana Press Inc., Totowa, NJ
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plasmid (12,13) and recent data implicate this STEC protein also in bacterial
binding to target cells (14). Second, the surface protein intimin of EPEC and C.
rodentium induces a massive T-helper-cell type 1 immune response in the
colonic mucosa of mice (15). Hence, when experiments to study effects of Stx
on mononuclear leukocytes are designed, it must be taken into account that
STEC lysates most likely contain additional bacterial factors able to interfere
with the immune system of the infected host. Thus, these studies greatly rely
on the availability of pure toxin preparations. (For a detailed protocol describ-
ing the isolation of Stx, the reader is referred to Chapter 15). Only those effects
that can be blocked by specific, neutralizing antibodies should be ascribed to Stx.
Studies aimed at the detection of Stx receptors on the surface of cells can be
performed without purified toxin using CD77-specific antibodies (see below).

Mononuclear cells (monocytes and lymphocytes) isolated from peripheral
blood (PBMCs) can be obtained easily and repeatedly even from humans with-
out ethical reservations. However, circulating lymphocytes represent just 1-2%
of all body lymphocytes and differ significantly from tissue lymphocytes
because they lack the interaction with neighboring tissue cells and should thus
be regarded as quiescent. A variety of mitogenic stimuli can be included in the
experimental design to simulate effects of Stx on activated lymphocytes in the
tissue. When PBMCs are incubated in tissue culture plasticware, monocytes
tend to adhere tightly within some hours, whereas lymphocytes remain in the
medium and can thus easily be submitted to flow cytometry analysis. This ana-
lytical approach relies on expensive laboratory equipment, but offers the
opportunity to quantitatively determine several parameters in parallel for a
large number of single cells within a short time. Thus, most of the protocols
presented in this chapter contain a flow cytometry step. However, a protocol
for the determination of cellular metabolic activity avoiding flow cytometry is
also included. The MTT reduction assay described is a reliable system to detect
any decrease in cellular metabolic activity whether it is the result of inhibition
of cells or cytotoxicity (16).

To further discriminate between inhibitory and cytotoxic effects of Stx, loss
of cellular membrane integrity can be measured after propidium iodide stain-
ing. However, cells dying from apoptosis lose their membrane integrity at a
very late stage of the cell death process, and quantification of dead cells by
propidium iodide uptake may be insufficient. To monitor apoptotic effects of
Stx on lymphocytes, cellular DNA fragmentation can be determined on a daily
base using a commercially available kit. Whether or not Stx cause apoptosis in
lymphoid cells is a matter of discussion. Human and bovine B-cell lines have
been reported to be highly sensitive to the apoptotic effect of Stx1, whereas the
toxin inhibits activation and proliferation of primary cultures of bovine lym-
phocytes without inducing cellular death (1,3). Analysis of blast cell transfor-
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mation ratio and blast cell composition by the protocols described herein are
highly sensitive methods for demonstrating effects of Stx on immune cells
independently of the underlying mechanism, cytotoxicity, or inhibition.

Most of the diverse biological effects of Stx reported so far are mediated via
its binding to the specific cell surface receptors globotriaosylceramide (Gba/
CD77) and globotetraosylceramide (Gb,) (17,18). Most of the Stx variants,
except Stx2e, preferentially bind to and act via Gbs/CD77. Because a mono-
clonal CD77-specific antibody (19) is commercially available, immunological
detection of this antigen on cell surfaces is a feasible way to identify presum-
ably Stx-sensitive cell populations. However, biochemically diverse Gb,/CD77
isoforms with varying affinities for Stx have been reported and solely binding
studies with Stx holotoxin or the receptor binding B-subunit will confirm
whether detected CD77 antigens truly serve as Stx receptors.

2. Materials

1. Disposable plastics: V-shaped centrifugation tubes, 50 mL (Greiner); flat-bottom
(Nunc) and V-shaped (Greiner) 96-well microtiter plates; reaction vials, 75 x 12
mm, round bottom (Renner).

2. Ficoll-Paque (Amersham Pharmacia Biotech).

3. Mitogens (e.g., concanavalin A [ConA], phytohemagglutinin P [PHA-P],
pokeweed mitogen [PWM], or lipopolysaccharide [LPS]; Sigma).

4. In Situ Cell Death Detection Kit, Fluorescein (Roche Molecular Biochemicals).

5. Monoclonal antibody against CD77 (clone 38.13, rat IgM; Coulter Immunotech
Diagnostics) and leukocyte antigen-specific antibodies suitable for the species of
interest and matching anti-immunoglobulin fluorescein—isothiocyanate (FITC)
or R-Phycoerythrin (R-PE) conjugates.

6. Purified Stx tested for the absence of endotoxin and neutralizing monoclonal
antibody against the respective type of Stx; Stx B-subunit and a monoclonal B-
subunit-specific antibody (e.g., mouse monoclonal anti-StxB1 13C4, ATCC cat.
no. CRL 1794)

7. Na—citrate solution (3.8% w/v), pH 7.0.

8. Phosphate-buffered saline (PBS): 10.0 g NaCl, 0.25 g KCl, 0.25 g KH,PO,, and
1.8 g Na,HPO, - 2 H,O per liter of distilled water, pH 7.4.

9. PBS supplemented with EDTA (PBS-EDTA): 8.0 g NaCl, 0.2 g KCI, 0.2 g
KH,PO,, 1.42 g Na,HPO, - 2 H,0, and 2.0 g Na-EDTA per liter of distilled
water, pH 7.4.

10. PBS supplemented with 1% bovine serum albumin fraction V (PBS-BSA; Serva).

11. Lysis buffer: 8.26 g NH,Cl, 1.09 g NaHCO;, 0.037 g Na-EDTA per liter of dis-
tilled water.

12. Moditfied cell culture medium: RPMI 1640 (Biochrom) supplemented with 10%
fetal calf serum (FCS) (Invitrogen) and 3 uM of 2-mercaptoethanol (Sigma).

13. MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-dipheny] tetrazolium bromide, Sigma)
stock solution (5 mg/mL in PBS): Freshly dissolved and filter sterilized through
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(0.2-pum-pore filter. The stock solution should be immediately aliquoted and fro-
zen (=20°C) and is stable for months.

Sodium dodecyl sulfate (SDS)-solution: 10% (w/v) SDS, 0.01 N HCl in distilled water.
Propidium iodide (PI, Sigma) stock solution (100 pg/mL in PBS): keep at 4°C in
the dark, stable for years.

Formaldehyde solution (4% [w/v] in PBS, pH 7.4); prepare freshly for each assay
(see Note 1).

Permeabilizing solution: 0.1% (w/v) Triton X-100 in 0.1% (w/v) Na—citrate; keep
at 4°C, stable for days.

Multichannel pipets (10-100 pL).

Standard cell culture laboratory equipment including laminar-flow bench, CO,
incubator, and inverse microscope; centrifuge suitable for 50-mL tubes and
microtiter plates, with a cooling system and disengageable brake.

Incubator set at 37°C equipped with a rocking table adjustable to about 40 rpm.
Enzyme-linked immunosorbent assay (ELISA) reader equipped with a filter set
to read the optical density at 540 nm and 680 nm.

Flow cytometer equipped with an argon laser and standard filter configuration
for FITC, R-PE, and PI (525, 575, and 630 nm, respectively).

3. Methods
3.1. Analyzing the Effect of Stx on Lymphocyte Viability

3.1.1. Preparation of Mononuclear Cells

1.

Dilute 20 mL of citrated blood (4 mL Na—citrate solution plus 16 mL venous blood)
with 17 mL PBS-EDTA (see Note 2) and layer it carefully onto 12 mL Ficoll-Paque®
in a separate centrifugation tube (see Fig. 1). Avoid pertubation of the gradient.
Centrifuge (800g, 40 min, 20°C) without break.

Carefully recover the pale gray cell layer containing monocytes and lympho-
cytes, referred to as peripheral blood mononuclear cells (PBMCs) from the
Ficoll-buffer interface. Avoid aspirating the erythrocyte sediment. Dilute the
suspension thoroughly with 40 mL PBS-EDTA (see Note 3).

Centrifuge: 250g, 7 min, 4°C.

Discard the supernatant until the soft pellet leaks out and dilute the remaining
suspension with 3 vol of lysis buffer to lyse contaminating erythrocytes; incubate
for 5 min at room temperature.

Wash cells once with PBS-EDTA and then with PBS and adjust to 5 x 10° cells/mL
in modified cell culture medium. In stimulation assays, supplement medium with
ConA (at a final concentration of 5 Lg/mL), PHA-P (5 pg/mL), PWM (10 pg/mL), or
LPS (25 pug/mL) (see Note 4).

. Transfer 50 UL of the cell suspension to 96-well flat-bottomed microtiter plates

prepared as described in Subheading 3.1.2.

3.1.2. Preparation of Shiga Toxin Dilution Series on Microtiter Plates

1.

To prepare 50 uL of 10-fold dilution series of toxin preparations in microtiter plates
dispense 90 UL of 0.15 M NaCl per well, leaving the first and the last columns empty.
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Fig. 1. Schematic drawing of the preparation of bovine PBMCs by density gradient
centrifugation.

2.
3.

Add 60 L of the toxin preparation to each well of the first column (see Note 5).
Transfer 10 pL from the first column to the second column and mix. Proceed in
the same manner up to the second last column of the microtiter plate. Carefully
blow out the pipet tips after each step to prevent excess carryover.

Remove 40 pL from each well-except the first and the last columns starting with
the lowest dilution.

Add 50 uL of 0.15 M NaCl and 50 pL of 1% (w/v) SDS in 0.15 M NaCl as negative
and positive controls, respectively, into separate wells of the last column.

Add 50 pL of modified cell culture medium to all wells. In neutralization studies,
this medium component can be supplemented with neutralizing Stx-specific anti-
bodies (see Note 5). In this case, the plates should be incubated for 30-60 min at
room temperature before proceeding to step 7.

Apply 50 pL of cell suspension (5 x 10° cells/mL of cell culture medium) to each
well; incubate at 37°C in 5% CO,.

3.1.3. Measurement of Cellular Metabolic Activity

1.

2.

After 2-6 d, add 25 pL of MTT stock solution to each well of the microtiter
plates. Place plates on a shaker and move gently for 4 h at 37°C.

Stop the reaction and dissolve dye crystals by adding 100 uL SDS solution to
each well (see Note 6).

After overnight incubation, read optical density (OD) with an ELISA reader using
a test wavelength of 540 nm and a reference wavelength of 690 nm.

Calculate percent cellular metabolic activity by the formula: [OD (sample) — OD
(positive control)]/[OD (negative control) — OD (positive control)] x 100 (see Fig. 2).
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Fig. 2. Effect of purified Stx1 on the cellular metabolic activity of bovine PBMCs.
Cells were incubated with 10-fold dilutions of purified Stx1 (0.002 to 2.000 CDs,/mL;
quantified on Vero cells) for 96 h at 37°C. Culture medium was supplemented with
5 pg/mL PHA-P. Observed effects were assigned to Stx1 by comparison of the results
obtained in the absence (open circles) or presence (filled circles) of 1.5 jLg/mL mono-
clonal anti-StxB1 13C4 antibody. Cellular metabolic activity was determined by MTT
reduction assay. Cells incubated with medium containing PHA-P alone were used as
negative control, whereas cells treated with 1% (w/v) SDS served as a positive control
to calculate percent activity. Data are means * standard deviations of triplicate deter-
minations. (Reprinted from ref. 3 with permission.)

3.1.4. Determination of Propidium lodide Uptake

1:

Prepare and incubate the cells as described in Subheadings 3.1.1. and 3.1.2., but
without SDS-treated controls. Daily monitor the cultures for the appearance of
dead cells by quantifying the portion of cells able to take up PI.

Resuspend cells in the wells of a microtiter plate thoroughly (see Note 7), trans-
fer them into reaction tubes suitable for the flow cytometer, and add 200 pL of
PBS containing 2 pg/mL of PI. Include a blank control in each test series that is
resuspended in PBS without PI (see Note 8).

Submit the samples to flow cytometry. Acquire 5000-10,000 events that are pre-
sumably leukocytes because of their light-scatter characteristics (see Subhead-
ing 3.2.1.). Plot the events in a one-parameter histogram depicting the PI
fluorescence (630-nm filter) vs cell counts. Set an electronic threshold that de-
fines less than 2% of the cells in the blank control to be PI positive.

Compare values of samples that received Stx with values of control samples (see
Note 9).
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3.1.5. Quantification of DNA Strand Breaks (TUNEL Method)

L.

© N

10.
11.
12.
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15.

Prepare and incubate the cells as described in Subheadings 3.1.1. and 3.1.2. and
monitor them at different time-points for the appearence of DNA strand breaks
(see Note 10). Resuspend cells thoroughly and transfer them to a V-shaped
microtiter plate (see Note 7). To compensate for the loss of cells during the fol-
lowing manipulations, pool two identical samples for each determination.
Centrifuge plates (300g, 10 min, 4°C) and remove supernatants by inverted flick-
ing of the plate (see Note 11).

Resuspend pellets in 150 pL. of PBS-BSA (all volumes throughout this protocol
are meant per well), centrifuge, remove supernatants by inverted flicking of the
plate, and repeat this washing step once.

Add 50 pL of PBS-BSA and 50 UL of formaldehyde solution and resuspend the cells.
Following 30 min at room temperature, wash the cells once (see step 3).
Resuspend cells in 50 UL of permeabilizing solution (see Note 11).

Incubate for 2 min at 4°C and wash cells twice (see step 3).

Add 20 pL of the reaction mixture from the In Situ Cell Death Detection Kit,
Fluorescein (containing FITC-labeled dUTP and terminal desoxynucleotidyl
transferase, prepared according to the instructions of the provider) and mix well.
Add 20 pL of the nucleotide solution to a separate sample included as blank
control and resuspend.

Incubate for 1 h at 37°C in 5% CO.,.

Centrifuge and wash cells twice (see step 3).

Optional: Proceed to Subheading 3.2.2. or 3.3.1. for immunostaining (see Note 12).
Transfer the cells into reaction tubes suitable for the flow cytometer and add
200 pL of PBS.

Perform flow cytometry analysis and acquire 5000-10,000 events that are pre-
sumably leukocytes because of their light-scatter characteristics (see Subhead-
ing 3.2.1. and Note 13). Plot the events in a one-parameter histogram depicting the
FITC fluorescence (525-nm filter) vs cell counts. Set an electronic threshold that
defines less than 2% of the cells in the blank control to be FITC positive (see Fig. 3).
Compare values of samples that received Stx with values of control samples (see
Note 14).

3.2. Analyzing the Effect of Stx on Lymphocyte Transformation
and Proliferation

3.2.1. Analysis of Cell Morphology

1.

2.

Cells prepared as described in Subheading 3.1.4. can additionally be analyzed
by flow cytometry recording detailed light-scatter characteristics of the cells.
To determine appropriate gates for the differentation of morphologically different
PBMCs, analyze freshly isolated cells by flow cytometry (5000-10,000 events). In
the forward versus sideward scatter histogram (scattergfam), viable lymphocytes
should appear as a population of medium size and little granularity. Define a gate
surrounding this population and name it (e.g., “viable nonblast cells™) (see Fig. 4).

149



6. Vorgelegte Veroffentlichungen

282

Menge
A B
™~ o™
Stx1 + anti-StxB1 Stx1 + anti-StxB1
@8 2
e [
(0] [0)]
> >
i |
Stx1
}
o4 k‘ [ A
100 107 102 100 101 102

log green fluorescence log green fluorescence

Fig. 3. Flow cytometric histograms illustrating the induction of DNA strand breaks in
BL-3 cells (a bovine B lymphoma cell line) by Stx1. Cells were treated with 200 CDgy/mL
(quantified on Vero cells) for 96 h at 37°C. Culture medium was free of mitogens (A) or
supplemented with 25 pg/mL LPS (B). After incubation, DNA strand breaks were labeled
by the TUNEL method. Observed effects were assigned to Stx1 by comparison of the
results obtained in the absence or presence of 1.5 pg/mL monoclonal anti-StxB1 13C4
antibody as indicated. (Reprinted from ref. 3 with permission.)

3

In the same way, analyze PBMCs incubated for more than 2 d in the absence of
mitogens and Stx. As a result of necrosis and apoptosis in primary cultures of
PBMCs, a second population of cells should appear in the scattergram character-
ized by a smaller size and a somewhat increased granularity. Define a gate sur-
rounding this population and name it (e.g., “subvital cells”).

Analyze PBMCs incubated for more than 2 d in the presence of a potent mitogen
(e.g., PHA-P). Because of the mitogen-induced transformation of quiescent lym-
phocytes to enlarged and polygonal blast cells, a third population of cells should
appear in the scattergram, characterized by a prominent increase in cell size and a
small increase in granularity. Define a gate surrounding this population and name
it (e.g., “viable blast cells”) (see Note 15).

Incubate PBMCs in the presence or absence of Stx and analyze daily according
to the protocol described above. Perform flow cytometry analysis acquiring
5000-10,000 events from each sample. Exclude cells from further analyis that
are PI positive. Plot a scattergram for the viable cells only. Calculate the ratio of
blast cell transformation by dividing the numberof viable blast cells by the num-
ber of viable nonblast cells.

Compare values obtained for cells that received Stx and those of control samples
(see Note 9). ?
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Fig. 4. Cellular morphology of cultured bovine PBMCs as assessed by flow

cytometry. PBMCs of a 3-yr-old cow were incubated (96 h, 37°C) in the presence (B)
or absence (A) of phytohemagglutinin P (PHA-P, 5 pug/mL).

3.2.2. Analysis of Blast Cell Composition

I.

e

O h

co

10.

In order to improve the method described above, examine the effect of Stx on
different leukocyte subtypes daily. Resuspend cells thoroughly and transfer them
to a V-shaped microtiter plate (see Note 7). Keep the plate on ice and use pre-
cooled (4°C) solutions throughout the entire protocol (see Note 16).

Centrifuge: 150g, 10 min, 4°C.

Remove supernatants by inverted flicking of the plate.

Resuspend pellets in 50 uL of buffer as a blank control or with buffer containing
leukocyte subtype-specific antibody (all volumes throughout this protocol are
meant per well). If these primary antibodies are already fluorochrome labeled,
proceed to step 8.

Incubate the cells for 20 min on ice, centrifuge, and discard the supernatant.
Resuspend the cells in 150 pL of PBS and centrifuge again.

Resuspend the cells with 50 UL of a buffer containing a FITC-conjugated anti-
body recognizing the leukocyte-specific primary antibodies.

After 20 min on ice, wash cells twice (see step 6).

Transfer the cells into reaction tubes suitable for the flow cytometer and add 200 uL
of PBS containing 2 pg/mL PI (see Note 17).

Perform flow cytometry analysis acquiring 5000-10,000 events from each
sample. Define cells of the blast cell population by gating as described in Sub-
heading 3.2.1. Exclude cells from further analyis that are PI positive. Create a
histogram depicting the FITC fluorescence (525-nm filter) vs cell counts of the
viable blast cells only. Set electronic gates according to the blank control included
in each test series defining less than 2% of the control cells as positive.
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Calculate the percentage of viable blast cells that are positive for a certain leuko-
cyte marker among all cells in culture by dividing the absolute number of cells
fulfilling all of these three criteria (viable + blast cells + marker positive) by the
number of cells acquired in total.

Compare values obtained for cells that received Stx and those of control samples
(see Note 9).

3.3. Detection of Stx Receptor Surface Expression
3.3.1. Detection of Gbs/CD77

|

oo

10.

To examine the surface expression of Gb;/CD77, freshly isolated PBMCs can be
used as well as cells that have been stimulated as described in Subheadings 3.1.1.
and 3.1.2., with the exception that Stx was not included. Using an anti-CD77
antibody and a matching secondary antibody conjugate, the procedure is essen-
tially the same as described in Subheading 3.2. To determine the CD77 surface
expression by different leukocyte subsets, the procedure described in Subhead-
ing 3.2.2. can be extended to detect CD77 and certain leukocyte markers simulta-
neously (see Note 18).

Transfer cells to a V-shaped microtiter plate (see Note 7). Keep the plate on ice
and use precooled (4°C) solutions throughout the entire protocol. Incubate the
cells with a leukocyte subtype-specific antibody as described. Spin the cells down
once, discard the supernatant to remove the first antibody, and resuspend the
pellet in 50 uL of a buffer as a blank control or with buffer containing the CD77-
specific monoclonal antibody (all volumes throughout this protocol are meant
per well).

Incubate on ice for 20 min.

Centrifuge (150g, 10 min, 4°C), resuspend the cells in 150 pL of PBS, and centri-
fuge again.

Resuspend the cells in 50 pL of a buffer containing a R-PE-labeled antibody recog-
nizing the leukocyte-specific antibody; incubate for 20 min on ice. Steps 5 and 6
are not necessary if R-PE-labeled leukocyte-specific antibodies are used.
Remove the conjugate by centrifugation and discard the supernatant.
Resuspend the cells in 50 pL of a buffer containing a rat IgM-specific antibody
linked to FITC.

Incubate 20 min on ice; wash twice.

Transfer cells into reaction tubes suitable for the flow cytometer and add 200 pL
of PBS containing 2 pg/mL PI (see Note 17).

Perform flow cytometry analysis acquiring 5000-10,000 events from each
sample. Exclude PI-positive cells from further analysis. Create a two-parameter
histogram for the viable cells only depicting the FITC (525 nm) vs the R-PE
fluorescence (575 nm). Set electronic gates according to the blank controls
included in each test series defining less than 2% of the control cells as positive
for one or both colors (see Note 19). -
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3.3.2. Detection of Surface Toxin Binding

1.

W

11.

12.

As with the detection of Gb;/CD77 by a CD77-specific antibody, surface Stx-
binding experiments can also be performed with both freshly isolated as well as
cultivated PBMCs. At the end of the cultivation period, resuspend cells thor-
oughly (see Note 7) and transfer them to a V-shaped microtiter plate on ice, cen-
trifuge (150g, 10 min, 4°C), and remove supernatants by inverted flicking of the
plate. Keep the plate on ice unless otherwise indicated and use precooled (4°C)
solutions throughout the entire protocol.

Resuspend pellets in 50 pL of buffer as a blank control or with buffer containing
Stx or the Stx B-subunit, respectively (see Note 20).

Incubate the cells for 30 min and centrifuge.

Resuspend the cells in 150 pL of PBS and centrifuge again.

As an option, resuspend the cells in 100 pLL PBS and incubate for 1 h at 37°C to
induce internalization of the bound toxin. Afterwards centrifuge and discard the
supernatant.

Resuspend with 50 pL of a buffer containing Stx- or Stx B-subunit-specific anti-
body, respectively.

Repeat steps 3 and 4.

Resuspend with 50 pL of a buffer containing a FITC-conjugated antibody recog-
nizing the Stx-specific antibody.

Following another 30 min, wash the cells twice (see step 4).

Transfer the cells into reaction tubes suitable for the flow cytometer and add 200 pL
of PBS containing 2 pg/mL PI (see Note 17).

Perform flow cytometry analysis acquiring 5000-10,000 events from each
sample. Exclude Pl-positive cells from further analysis. Create histograms con-
taining only viable cells and depicting the FITC fluorescence (525 nm) vs cell
counts. Set electronic gates according to the blank control included in each test
series defining less than 2% of the control cells as positive.

To quantify toxin internalization, compare results of samples warmed up at step 5
with those that were kept on ice throughout.

4. Notes

1.

2

Formaldehyde is easier to dissolve than paraformaldehyde, which can be used
instead, but much less stable; fresh preparation of the solution is thus recommended.
Supplementation of PBS with EDTA used as diluent and washing buffer through-
out the preparation of bovine PBMCs efficiently prevents clumping of the leuko-
cytes during gradient centrifugation and subsequent washing steps. However, this
may not be necessary with leukocytes from other species. Carryover of EDTA
into the cell culture medium should be avoided in any case. Thus, at least the last
washing step (see Subheading 3.1.1., step 6) should be carried out with PBS
devoid of EDTA. '

Density of Ficoll-Paque is designed for the isolation of human PBMCs. These
cells accumulate on top of the Ficoll layer precisely. In contrast, bovine PBMCs
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tend to enter the Ficoll layer upon centrifugation. Therefore, it is convenient to
aspirate the pale gray interphase as well as the underlying cloudy Ficoll layer to
achieve a good cell recovery.

In contrast to several lymphoma cell lines reported to be highly sensitive to the
cytotoxic effect of Stx, primary cultures of lymphocytes are affected more gradu-
ally. Particularly with bovine PBMCs, an effect of Stx is best seen when the cells
are stimulated by mitogens. Because mitogens stimulate PBMCs of different spe-
cies to different extents, the stimulation protocol should be optimized for cells of
the species of interest before including Stx in the experiments.

Before examining the effects of Stx on PBMCs in detail, a suitable concentration for
both Stx and the neutralizing antibody should be determined by titrating both reagents.
With regard to the limited stability of Stx, inclusion of a Vero cell assay in each set of
experiments assuring the activity of the used toxin preparation is recommended.
Various methods exist to resolve the formazan crystals. In our hands, the method
of Tada et al. (16) adding 10% (w/v) SDS/0.01 N HCl is the most reliable tech-
nique. The detergent solution is added to the wells without the need to thoroughly
remove the medium, which interferes with the dye solubilization in most of the
other methods. The addition of HCI changes the color of Phenol Red included in
most culture media from red to yellow. A spectral overlap with the purple color
of the formazan can thus be avoided. Nevertheless, the plates must be shaken
very gently overnight to avoid foaming of the SDS-solution, which then would
cause cross-contamination between wells.

Transfer of PBMCs cultured in flat-bottom microtiter plates to V-shaped plates
and reaction tubes is a prerequisite for immunostaining that requires washing of
the cells by centrifugation. Upon cultivation at 37°C, monocytes stick tightly to
the surfaces of the flat-bottom wells, whereas lymphocytes do so much less. How-
ever, great care must be taken to thoroughly resuspend the cells before transfering
them to the V-shaped plates because lymphocytes tend to be trapped in clusters
including monocytes, particularly in the presence of mitogens. Microscopic
evaluation of the successful transfer is strongly recommended to ensure that
almost all lymphocytes are submitted to flow cytometry analysis.

In the protocol presented, the nucleic acids staining dye propidium iodide is used
to detect cells that lost their membrane integrity, enabling the dye to enter the
nucleus. No conclusion can be drawn from this type of experiment about whether
stained cells died from necrosis or apoptosis. However, PI can also be used to
specifically detect apoptotic cells using a modified protocol that stains the total
DNA content of all cells (20). Cells which have lost apoptotic DNA fragments
can then be identified flow cytometrically by their reduced DNA content.
Controls should include cells incubated in the absence of Stx as well as cells
incubated in the presence of Stx and a defined amount of neutralizing antibody.
Usually, apoptosis is a process that takes several hours. However, the Best time-
point to detect Stx induced apoptosis greatly relies on the time-point the cells
experienced the lethal stimulus. This time-point is not necessarily when the cells
come into contact with the toxin (i.e., the start of the cultivation period), but
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when the cells are able to bind and internalize the toxin. This, in turn, may depend
on the induction of the receptor expression. Because of host species variations, the
appropriate time-point for analysis may be days after establishment of the culture.
This protocol will lead to higher losses of cells during the procedure as compared
to the other procedures carried out in microtiter plates (see Subheadings 3.2. and
3.3.). To reduce these losses, higher g-forces upon centrifugation of the plates
(300g instead of 150g) and supplementation of PBS with 1% (w/v) BSA are
strongly recommended. Additionally, keep the incubation time of 2 min when
permeabilizing the cells with permeabilizing solution.

Performing the TUNEL method in a flow-cytometry-compatible format offers
the opportunity to analyze DNA strand breaks in different lymphocyte subsets
individually. However, prolonging the protocol by immunostaining will augment
the above-mentioned cell losses. Furthermore, binding characteristics of antibodies to
fixed and permeabilized cells may be drastically different from those of native cells.
In most of the cases, fixation alters the morphological features of cells recorded by
flow cytometry. Establishment of cytometer settings suitable for fixed cells before
measuring cells subjected to the TUNEL method is thus strongly recommended.
Control samples for the establishment of appropriate cytometer settings to quan-
tify DNA strand breaks should include (1) a blank control with PBMCs incu-
bated with labeled nucleotides but without terminal transferase, (2) a positive
control with PBMCs incubated with an apoptosis inducing reagent (e.g., 0.15 uM
of camptothecin, 1 M dexamethason, or 0.5 pM of ionomycin), and, optional,
(3) a control with cells of a cell line reported to be sensitive to the apoptosis
inducing effect of Stx (e.g., Daudi) incubated in the presence of the toxin. When
appropriate cytometer settings are found, it will be sufficient to include a blank
control in each experiment. The effect of Stx can then be calculated from the
comparison of samples as explained in Note 9.

Freshly isolated PBMCs consist of lymphocytes and monocytes. Because mono-
cytes are larger in size than lymphocytes, these cells exhibit morphological fea-
tures similar to viable blast cells that appear solely after mitogenic stimulation of
PBMCs. On the other hand, monocytes adhere to the plastic surface of the
microtiter plates upon cultivation and are barely recovered when the cells are
resuspended and transfered to reaction tubes. PBMCs submitted to flow
cytometry after incubation in plasticware thus mainly represent lymphocytes.
Therefore, cells appearing larger than lymphocytes in the scattergram should be
referred to as blast cells if cells had been cultivated previously. In contrast, cells
with similar features in the scattergram of freshly isolated PBMCs should be
referred to as monocytes.

Keeping cells at approx 4°C throughout the preparation process is crucial to avoid
capping of surface molecules after binding of a ligand (antibody). Capping will
reduce the signal for the detection of this particular antigen.

Dead cells tend to bind antibodies and fluorochromes unspecifically. Exclusion
of dead cells from further analysis improves the distinction between antigen posi-
tive and negative cells.
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As outlined in the protocol, double staining of the cells requires two primary
antibodies and two Ig-specific conjugates, if labeled primary antibodies are not
available. To avoid crossreactions between the Ig-specific conjugates, the use of
primary antibodies of different isotypes and heavy-chain-specific conjugates is
strongly recommended.

Because of a marked spectral overlap of FITC and R-PE, one has to put special
emphasis on fluorescence compensation when setting up a protocol for the cy-
tometer to simultaneously detect FITC and R-PE signals.

In functional assays, Stx exhibits biological activities in the nanogramm range.
In contrast, the concentrations of Stx and Stx B-subunit needed to detect surface
binding of the proteins to lymphocytes depend on the detection system used and
may be in the microgram range.
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Bovine lymphocytes express functional
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Ivonne Stamm? M. Wuhrer’, R. Geyer’, G. Baljer’ & Ch. Menge®*

“Institut fiir Hygiene und Infektionskrankheiten der Tiere der Justus-Liebig-Universitit, Giessen and
YBiochemisches Institut am Klinikum der Justus-Liebig-Universitit Giessen, D-35392 Giessen, Germany

(Received April 19, 2002; accepted in revised form August 13, 2002)

Interactions of Shiga toxins (Stxs) and immune cells contribute to the pathogenesis of diseases due
to Stx-producing Escherichia coli (STEC) infections in humans and facilitate the persistence of
infection in asymptomatically infected cattle. Our recent findings that bovine B and T lymphocytes
express Gba/CD77, the human Stx-receptor, prompted us to determine whether the bovine
homologue also mediates binding and internalization of Stx1. In fact, Stx1 holotoxin and recombi-
nant B subunit (rStxB1) bound to stimulated bovine peripheral blood mononuclear cells, especially
to those subpopulations (B cells, BoCD8* T cells) that are highly sensitive to Stx1. Competition and
HPTLC-binding studies confirmed that Stx1 binds to bovine Gbs, but different receptor isoforms
with varying affinities for rStxB1 were expressed during the course of lymphocyte activation. At least
one of these isoforms mediated toxin uptake. An anti-StxB1 mouse monoclonal antibody, used as a
model for bovine serum antibodies specific for Stx1, modulated rather than generally prevented
rStxB1 binding to and internalization by the receptors. The presence of functional Stx1-receptors on
bovine lymphocytes explains the immunomodulatory effect of Stx1 observed in cattle at a molecular
level. Furthermore, expression of such receptors by bovine but not human T cells enlightens the
background for the differential outcome of STEC infections in cattle and man, i.e., persistent
infection and development of disease, respectively. © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: EHEC, STEC, Shiga toxin 1, receptor, bovine lymphocytes.

virulence factor of EHEC are the Shiga toxins
(Stxs), potent cytotoxins of the ribosome-
inactivating type [2]. Upon absorption from
the intestine [3] Stxs damage renal endothelial

Introduction

Enterohemorrhagic Escherichia coli (EHEC), a

subtype of the Shiga toxin-producing E. coli
(STEQ), are the cause of epidemics and sporadic
cases of hemorrhagic colitis in humans that
can progress to life-threatening diseases as the
hemolytic uremic syndrome (HUS) [1]. The main

* Author for correspondence: E-mail:
christian.menge@vetmed.uni-giessen.de

0882-4010/02/$ — See front matter

cells resulting in a thrombotic microangiopathy,
the histological hallmark of HUS [4]. However,
in recent years compelling evidences arose that
cells other than endothelial cells i.e., monocytes
and granulocytes [5, 6] must be involved in the
initiation of this syndrome [7]. To explain the
inconsistencies in our current model of HUS
pathogenesis, Heyderman et al. [8] further

© 2002 Elsevier Science Ltd. All rights reserved.
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speculated that Stxs may modulate intestinal
immune cell/epithelial cell interactions result-
ing in activated T cells, which then target the
kidney.

In contrast to man, high percentages of rumi-
nants shed STEC without any clinical symptoms
[9-11]. Cattle, sheep, and goats are therefore
regarded as ‘tolerant’ carriers of these bacteria
[12], albeit the remarkable persistence of STEC
infections in these animals correlates with the
ability of the bacteria to synthesize Stx [13].
Owing to findings that Stxs affect bovine B
and T lymphocyte functions in vitro and ex vivo
[14-16] we concluded that the persistence of
bovine STEC infections has its roots in a Stx-
induced immunomodulation, which may prove
a suitable target for measures to reduce the
STEC prevalence in cattle. If the hypothesis of
Heyderman et al. [8] holds true, that T cell
activation is essential for the pathogenesis of
HUS in man, an impact of Stxs on Tcell functions
would diametrically contribute to the course
of bovine and human STEC infections, i.e.,
asymptomatic persistence and development of
disease, respectively.

A reasonable explanation may be the expres-
sion of Stx-receptors by bovine but not human
T cells. The eukaryotic cell surface receptor for
the B subunit of Stxs is globotriaosylceramide
(Gb;, syn. CD77) [17]. Gb;/CD77 mediates
endocytosis of its ligand gaining Stxs access to
the cytosol where the A-subunit is enzymatically
active [18]. In the human immune system Gb;/
CD77 expression is limited to B cells while T cells
lack Stx-receptors [19]. In contrast, we recently
showed that Gb;/CD77 is equally synthesized
and surface expressed by bovine B and T cells
[16]. However, functional studies revealed that
bovine lymphocytes’ sensitivity to Stx1 is not
strictly correlated to the level of Gb;/CD77 sur-
face expression: the cells are only transiently
sensitive in an early phase of activation charac-
terized by a low to moderate Gb;/CD77 expres-
sion [20]. The broad cellular distribution of Gbs/
CD77 also includes BoCD4™" T cells, the prolif-
eration of which is only marginally affected
by Stx1 [15]. It has to be considered that high
affinity binding of Stxs to cells depends on
several features of Gb;/CD77 such as length
and saturation of the fatty acid incorporated
in different isotypes of the molecule [21].
Binding of Stx to cell surface protein of Gbs/
CD77-deficient Vero cell clones has also been
described [22]. In order to understand an effect
of Stx1 unique for the bovine immune system at

I. Stamm et al.

a molecular level it became considerably im-
portant to prove whether Gb;/CD77 detected on
bovine lymphocytes in fact represents a func-
tional Stx1 receptor. This brought us to perform
binding, competition, and internalization stu-
dies with stimulated bovine peripheral blood
mononuclear cells (PBMC) in vitro.

(Part of this work was presented at the
Conference on Pathogenicity and Virulence of
VTEC, Verocytotoxigenic E. coli in Europe, EU
Concerted Action Project, Liege, Belgium, 1999.)

Results

Stx1 and rStxB1 binding to bovine
lymphocytes

Freshly isolated PBMC were unable to bind
detectable amounts of Stx1 holotoxin or rStxB1
subunit (data not shown). However, stimulation
of PBMC with Phytohemagglutinin P (PHA-P;
respective cells are referred to as stimulated
PBMC below) rendered a prominent proportion
of cells able to bind Stx1 and rStxB1 [Fig. 1(a)].
All lymphocyte subpopulations investigated
could bind rStxB1, but the binding pattern ref-
lected the subpopulations” susceptibility to the
proliferation inhibitory effect of Stx1: about half
of the BoCD8" cells and two thirds of the
BoCD21" cells, the main targets of Stx1 in vitro
[15], bound rStxB1 in large amounts, whereas
only about one third of BoCD4™ cells and one
quarter of WC1™ cells (i.e., the majority of v8T
cells in bovine peripheral blood), respectively,
did so [Fig. 1(b)].

When neutral and acidic glycosphingolipids
(GSL) were separated from PBMC before (day 0)
and after (day 4) stimulation and analysed by
HPTLC-overlay, rStxB1 bound specifically to the
ceramide tri-hexoside bands of the standard and
to two distinctive bands of the day 4 neutral GSL
[Fig. 2(b)], which we previously structurally
determined as Gal(u1-4)Gal(1-4)Gle(1-1)cera-
mide (Gbs)} [16]. No binding could be observed
to day 0 neutral GSL — due to the low amount
of Gb; detected at this time point [16] — or to
acidic GSL.

Double staining experiments yielded rStxB1-
Gb;/CD77 double positive cells finally proving
that rStxB1 is able to bind bovine Gbs/CD77
even in its physiological environment within
a membrane (Fig. 3). However, binding of
rStxB1 was not closely linked to binding of the
anti-CD77 mab 38.13. A prominent population
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A 4

binding of rStxB1

Binding of Stx1 and rStxB1 by bovine PBMC after cultivation for 4 days in the presence of PHA-P

(5pg/ml). (@) Representative flow cytometric histograms illustrating the binding of Stx1 (thin solid line;
50,000 CDsy/ml, quantified on Vero cells) and rStxB1 (thick solid line; 30 pg/ml) to the blast cell population
of bovine PBMC. Grey shaded histogram denotes the corresponding antibody control. Histograms are from
one representative of twelve PBMC preparations. (b) PBMC subpopulation binding of FITC-labelled rStxB1
(10 pg/ml). Representative two-colour dot plots are shown from one out of four PBMC preparations.
Percentage of cells from the blast cell-gated population are indicated in the quadrants.

of anti-CD77 negative cells that bound rStxBl
could be detected at the beginning of the
incubation period on day 2. In turn, a population
of anti-CD77 positive cells unable to bind rStxB1
appeared later on and its percentage constantly
increased during the following days of incuba-
tion (Fig. 3).

Binding of rStxB1 to Gbs/CD77 isoforms
expressed by bovine lymphocytes

In subsequent competition studies by using the
anti-CD77 mab 38.13 and rStxB1 as competitors
and stimulated PBMC (day 4) as targets, con-
centrations of rStxB1 above 3.75 ng /ml were able
to prevent subsequent binding of anti-CD77 as
concluded from the reduction in the percentage
of anti-CD77 positive cells [Fig. 4(b)]. It is remark-
able that the percentage of anti-CD77 positive
cells was almost identical when the cells were
incubated first with either mab 38.13 or with
1StxB1. Obviously, at this time a major portion of
bovine PBMC expressed an isoform of Gb; with
an affinity for rStxB1 that was much higher than

that for mab 38.13. On the other hand, even at the
highest concentration of rStxB1 tested, anti-CD77
positive cells could still be detected, pointing to
a second population of cells expressing Gb;
molecules with very high affinity for mab 38.13.
As shown in Figure 4(a), the percentage of cells
positive for binding of rStxB1 decreased at con-
centrations of rStxB1 lower than 7.5 ig/ml. Inter-
estingly, in the range from 1.875 to 3.75 ug/ml
the percentage of cells positive for rStxBl-
binding was influenced by the order the ligands
were given to the cells. Within this range, pre-
incubation of the cells with mab 38.13 prevented
binding of rStxB1 indicating a third population
of cells expressing Gbs isoforms that bound mab
38.13 and rStxB1 with almost similar affinity.

Effect of rStxB1 on bovine lymphocyte
transformation and proliferation

When PBMC were incubated in the presence of
rStxB1 (10 pg/ml) for 4 days, the B subunit was
able to exert a suppressive effect on lymphocyte
proliferation on its own (Fig. 5) comparable to
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Figure 2. 1StxB1 binding to bovine PBMC gly-

cosphingolipids (GSL). The total neutral and acidic
GSL fractions of bovine PBMC freshly after prepara-
tion (day 0) and after stimulation with PHA-P
5 pg/ml; day 4) were spotted onto HPTLC plates.
The amount of PBMC GSL per lane corresponded
to 2mg (a) and 0.5mg (b) PBMC dry weight,
respectively. GSL were resolved by using the
running solvent chloroform:methanol:water, 65:25:4
(by volume) and visualized chemically with orcinol/
H,50,-staining (a) or by HPTLC-overlay with
rStxB1  (b). The standard (S) of CMH-CTetH
corresponded to globo-series ceramide mono-, di-,
tri- and tetrahexosides, respectively.

2" day of incubation

4t day of incubation
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that of the holotoxin in the nanogram range
[15, 20]. Addition of rStxB1 to stimulated PBMC
from the beginning of the cultivation reduced
the percentage of viable BoCD8" and BoCD21"
blast cells remaining on day 4 and also signifi-
cantly reduced the percentage of Gb;/CD77"
blast cells. The latter effect could even be detected
at rStxBl concentrations as low as 20ng/ml
[Fig. 6(a)]. To exclude that this effect was simply
due to capping of Gb;/CD77 molecules the
concentration threshold for the detection of
1StxB1-binding to stimulated PBMC (day 4)
was determined. In fact, rStxBl-binding was
undetectable below 937.5ng/ml [Fig. 6(b)] clear-
ly arguing against a capping phenomenon at
20ng/ml.

Internalization of Stx1 and rStxB1 by
bovine lymphocytes

Internalization studies proved that a minority of
the Gb;/CD77 isoforms of bovine PBMC was
even able to mediate uptake of the toxin. When
stimulated PBMC (day 4) were loaded with
toxin at 4°C and incubated for further 30 min at
37°C surface fluorescence was decreased com-
pared to cells that were kept at 4°C throughout.

6t day of incubation
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Figure 3. Gb3/CD77 expression and rStxB1 binding by bovine PBMC. Flow cytometry analysis of PBMC
stimulated with PHA-P (5 ug/ml) for 2-6 days. At the end of the incubation period cells were labelled with anti-
CD77 and FITC-labelled rStxB1 (10 pg/ml) as depicted in the lower part of the figure. Percentage of cells from

the blast cell-gated population are indicated in the quadrants. Representative two-colour flow cytometry
results are shown from one out of four PBMC preparations.
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Figure 4. Competition of rStxB1 and anti-CD77 for binding to bovine PBMC. Graphs represent data obtained
by flow cytometry analysis of PBMC stimulated with PHA-P (5 ug/ml for 4 days. At the end of the incubation
period cells were labelled with anti-CD77 (15 ug/ml) and rStxB1 as depicted in the lower part of the figure.

Graphs represent mean, max and min of the data obtained from blast cells of four PBMC preparations.

In this course mean fluorescence intensities were  respectively (mean+SD of 4 PBMC prepara-
0.7324+0.12 and 0.7194 0.0817 (P > 0.05) forcells  tions). Incubation at 37°C also slightly reduced
labelled with Stx1 holotoxin and 3.605+0.62 the percentage of Stx1 and rStxB1-binding cells,
and 2.465+0.571 (P <0.01) for cells labelled but differences missed statistical significance

with rStxB1 after incubation at 4°C and 37°C, (Fig. 7, bar A, B; data not shown for Stx1).
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Figure 5. Effect of rStxB1l on transformation and

proliferation of bovine PBMC. PBMC were stimu-
lated with PHA-P (5pg/ml) for 4 days in the
presence (black bars) or absence (grey bars) of rStxB1
(10 pg/ml) and analysed by flow cytometry at the end
of the incubation period as depicted in the lower
part of the figure. Lymphocyte subpopulations were
identified by immunophenotyping. Data analysis was
performed by calculating the percentage of viable
blast cells. Bars represent the mean+SD of the data
obtained from four PBMC preparations. Comparison
of cells incubated with and without rStxB1 was
performed by the paired f-test. Horizontal brackets
with centered asterisks enclose bars that are
significantly different (P < 0.05).

Effect of anti-Stx on binding and
internalization of rStxB1

High proportions of cattle harbour Stxl1-
neutralizing antibodies in their sera [23]. Indeed,
19 out of 20 plasma samples from blood donors
included in the present and previous studies [20]
contained Stxl-neutralizing antibodies with at
least 1 neutralizing unit/ml (data not shown).
Non-parametric correlation analysis revealed
that there is no significant correlation between
antibody titers and the level of the suppressive
effect of Stx1 on the number of BoCDS8Y,
BoCD21%, and Gbs;/CD77" blast cells in PBMC
cultures obtained from these animals (Spearman
rank correlation coefficients were 0.145, 0.073,
and —0.049, respectively; critical value =0.447
at a two-sided significance level of 5%).

. Stamm et al.

Because PBMC are separated from other blood
components including immunoglobulins, these
tindings stress that the sensitivity of lympho-
cytes towards the effect of Stx1 is an inherent
feature of cattle independent of a certain animals’
immune status.

However, possible implications of the host’s
immune response became apparent by the dicho-
tomous effect of anti-StxB1 mab 13C4 [24] used
as a model to study the role of Stxl-specific
serum immunoglobulins. Preincubation of up to
50,000 CDso/ml Stx1 holotoxin with anti-StxB1
(45 pg/ml) — shown to neutralize the effect of
Stx1 on bovine lymphocytes [15, 20] — abrogated
binding of the holotoxin (data not shown). In
contrast, preincubation of rStxB1 with anti-StxB1
(1.5 pg/ml) only partially neutralized the effect
of rStxB1 on the percentage of Gb;/ CD77% cells
remaining in PBMC cultures after 4 days
[Fig.6(a)]. Moreover, anti-StxB1 evensignificantly
(P <0.01) enhanced the percentage of stimulated
PBMC (day 4) able to bind rStxB1 and rStxB1/
anti-StxBl-complexes at least at intermediate
concentration ratios [Fig. 6(b)]. The idea that
rStxB1/anti-StxBl-complexes retain their bind-
ing capability to cells was finally confirmed,
because such complexes could still be detected
on a prominent number of PBMC after preincu-
bation of 30 pg/ml rStxB1 with 45 ng/ml of anti-
StxB1 (Fig. 7, bar C). Moreover, these complexes
could even be internalized at 37°C (Fig. 7, bar D).
Controlsincluded in every set of experiments, i.e.
cells that were only incubated with anti-S5txB1
and anti-mouse conjugate, always gave negative
results proving that even the rStxB1/anti-StxB1-
complexes bound via Gbs/CD77 and not via Fc
receptors. Anti-StxB1 completely blocked inter-
nalization in this model only when given to the
cells after they had already bound rStxB1 (Fig. 7,
bar E) or Stx1 holotoxin (data not shown).

Discussion

Most STEC infections in ruminants are charac-
terized by the lack of clinical symptoms, but the
persistence of enteral infection with prolonged
fecal shedding [13] is of critical importance for
human food safety. We are currently investigat-
ing the hypothesis that a Stx1-induced immuno-
modulation fundamentally contributes to the
persistence of bovine STEC infection. Confirm-
ing our previous assumption that 5tx1 directly
acts on bovine lymphocytes [20] we show here
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Figure 6. Effect of rStxB1 on Gb;/CD77 expression by bovine PBMC (a) and determination of rStxB1-binding
as a function of r5txB1 concentration (b). Flow cytometry analysis of PBMC stimulated with PHA-P (5 pg/ml)
for 4 days. PBMC were incubated in the presence of rStxB1 (10 pg/ml) and the presence and absence of anti-
StxB1 (1.5 pg/ml) as depicted in the lower part of the figure. Data analysis was performed by calculating the
percentage of viable blast cells. Graphs represent the mean + SD (a) and mean, maximum and minimum (b) of
the data obtained from four PBMC preparations each. Two-way ANOVA revealed significances for the curves
presented in graph B (P <0.01 for anti-StxB1 and P < 0.001 for the concentration of rStxB1).

that these cells are in fact capable of binding for Stx1 is a glycosphingolipid which we recent-
Stx1 holotoxin as well as recombinant B sub- ly biochemically characterized as Gbs, thus
unit (rS5txB1). Competition and HPTLC-binding  representing the bovine homologue of the
studies demonstrated that the binding site human Stx-receptor CD77 [16]. Thereby, cattle
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Figure 7. Binding and internalization of rStxB1 and rStxB1/anti-StxB1-complexes by bovine PBMC. Flow
cytometry analysis of PBMC stimulated with PHA-P (5 pg/ml) for 4 days. At the end of the incubation period
cells were labelled with rStxB1 (30 pg/ ml) after preincubation with (C, D) or without (A, B) anti-StxB1 (45 pg/
ml), and kept either on ice throughout or warmed to 37°C for 30 min as depicted in the left-handed part of the
figure. In addition, cells were labelled with rStxB1 followed by incubation with anti-StxB1 prior to warming, to
37°C (E). Bars represent the mean+SD of four PBMC preparations. Data were analysed by the paired t-test.
Horizontal brackets with centered asterisks enclose bars that are significantly different [P<0.05 (%), P<0.01
(**), P <0.001 (***); n.s. = not significantly different (P > 0.05)].

is the first species reported to date that expresses
functional Stx-receptors on the surface of T cells.
Because bovine intraepithelial lymphocytes, the
firstimmune cells which gain contact to the toxin,
predominantly are T cells and equally express
Gbs/CD77 in vivo [25], the direct targeting of
T cells by Stx1 must be of particular importance
for the colonization of the bovine intestine
by STEC.

Bovinelymphocytes’ CD77-expression was not
congruenttorStxBl-binding by thecells, although
rStxB1 and anti-CD77 both specifically recognize
the terminal galabiose in Gb;/CD77 [17, 26].
Competition studies revealed three subtypes of
cells expressing receptors with varying affinities
for the two ligands. The fact that rStxB1-binding
cells mainly appeared at the beginning of the
incubation period suggests that only at an early
time point the cells exhibit a reasonable sensi-
tivity against Stx1. This idea is supported by our
previous findings that Gb;/CD77 expression by
bovine lymphocytes parallels the activation of
the cells [16]. Nevertheless, Stx1 only affects cells

between the Gb;/ CD77°% and the Gb,/
CD77mederate siate of activation while cells that
reached the Gb,/ CD77"8" state before experienc-
ing Stx1 become refractory again [20]. Com-
parative fatty acid analysis of Gb;/CD77
obtained from bovine PBMC prior to (day 0)
and after (day 4) stimulation had shown that
stimulation altered the fatty acid pattern with
hexadecanoic acid dominating on day 0 and fatty
acids with more than 20 carbon atoms prevailing
on day 4 [16]. Pellizzari et al. [21] found Gbs/
CD77 molecules in human kidneys which con-
tained hexadecanoic acid as the major compon-
ent having a consistently higher affinity for Stx1
than other ceramide trihexosides. Given that
bovine lymphocytes express high affinity Stx1-
receptors only during early states of activation,
STEC by secreting Stx1 prevent the onset of an
immune response rather than down regulate an
established one. This may be of particular
benefit for the bacteria because low amounts of
Stx are sufficient to target small numbers of
sensitive cells.
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The biochemical target of the Stx1 holotoxin
is the ribosome [2], and internalization from
coated pits after clustering of randomly distri-
buted Stx binding sites [18] is a prerequisite for
the toxin to exert its toxicity [27]. To prove the
ability of bovine lymphocytes to internalize Stx
we applied a method previously described
for Stx1 [18, 19] and quantified the amount of
immunologically detectable Stx1 and rStxB1 on
the cellular surface after incubation of the cells at
37°C by flow cytometry. Our findings that cells
labelled by anti-StxB1 mab after warming to
37°C exhibited a lower fluorescence intensity
compared to cells kept at 4°C strongly suggest
the existence of a toxin translocation mechanism
linked to surface glycolipids. However, only a
minor portion of surface-bound Stx was inter-
nalized by bovine PBMC. Moreover, 1S5txB1 can
be detected on the cellular surface throughout
when the cells are incubated at 37°C in the
presence of rStxB1 for days (data not shown). A
suitable explanation for that is the existence of
two populations of receptors as predicted by
Lindberg et al. [17] and meanwhile confirmed by
studies on the aglycone modulation of human
Gb;/CD77 receptor function [28]: one isoform of
bovine Gb;/CD77 binds toxin only and another
isoform, possibly present in smaller numbers,
mediates toxin uptake.

Interestingly, the isolated B subunit on its own
exhibited an effect similar to that of Stxl in
bovine PBMC cultures. Although the B subunit
has no inhibitory effect on protein synthesis
itself, a series of recent studies indicates that
it interferes with cell signalling [29-32]. Never-
theless, the fact that anti-StxB1 mab in some
instances is able to facilitate rStxB1l-binding to
bovine lymphocytes but fails to equally enhance
the biological effect of rStxB1 and Stx1 stands
against the hypothesis of a signal solely derived
from binding of the protein. Because even
the Stx1 B subunit can exert cytotoxicity when
expressed inside transfected cells [33] it may be
that internalization into bovine lymphocytes is
additionally required. With respect to the course
of events during bovine STEC infections it must
be stressed, however, that a 50,000-fold higher
concentration of the B subunit was required
compared to incubation with the holotoxin
(10 pg/ml vs. 200 pg/ml of Stx1 holotoxin) [15],
and toxin concentrations in the microgram range
are unlikely to occur in situ. In other in vitro
systems inhibition of protein synthesis by
Stx1 holotoxin sensitizes cells for a separate
cell surface-derived signal induced by minute
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concentrations of the B subunit that then leads to
apoptosis [32, 34]. Apoptosis does not occur in
Stx1-treated bovine PBMC cultures [15], but
before inhibiting protein synthesis Stx1 first
damages 285 rRNA and induces a ‘ribotoxic
stress response’ resulting in an induction of
mRNAs of primary response genes [35]. We thus
assume that signals originating from the surface
after Gb;/CD77-binding of the B subunit in vive
(or the B pentamer of the holotoxin) act in concert
with the induction of primary response genes
after internalization of the Stx1 holotoxin and
thereby contribute to the suppressive effect Stx1
exerts on bovine immune cells (Fig. 8).

Active or passive immunization against Stxs,
prior to experimental inoculation with STEC,
prevents the systemic complications of STEC
infection in animal models [36-38] and Stx-
specific antibodies prevent humans from
developing HUS [39, 40]. However, it is still a
matter of discussion in literature whether the
protective effect of these antibodies is based on
the capability to prevent binding or to prevent
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internalization of the toxins. Nakao ef al. [41]
showed that a neutralizing monoclonal antibody
to Stx2 blocks receptor binding and Lindberg
et al. [17] as well as Eiklid and Olsnes [42]
observed that cells cannot be rescued by add-
ition of antiserum after toxin binding. In contrast,
Sandvig et al. [18] were able to partially protect
cells by addition of antiserum even 15 min after
toxin binding. A similar instance was reported
for human microvascular endothelial cells [43].
In our study an anti-StxB1 mab, used as a model
for bovine serum antibodies specific for Stx1 [23],
prevented rStxBl binding at high antibody-
antigen ratios (data not shown) and also effect-
ively blocked internalization of cell-bound
rStxBl under certain conditions (see Fig. 7,
bar E). High titers of Stx-specific antibodies as
reported for cattle should therefore be highly
protective [23, 44, 45]. There is some circumstan-
tial evidence, however, that these antibodies’
effects are not limited to neutralization but also
may influence the way the toxin binds to cells.
While at least a prominent portion of rStxB1/
anti-StxB1-complexes formed in solution during
preincubation retained their ability to bind to
and translocate into bovine lymphocytes (see
Fig. 7, bars C and D), rStxB1 molecules that were
recognized by anti-StxB1 after cell surface bind-
ing did not internalize during 30min at 37°C
(see Fig. 7, bar E). Because Gbs/CD77 exists in
different isoforms and a single Stx1 B subunit
harbours three independent Gb;/CD77 binding
sites [46] these dichotomous effects of anti-StxB1
may result from the usage of an alternative bind-
ing site of rStxB1 or the usage of a different
receptor isoform or both. Anti-StxB1l induced
alterations in Stx1/receptor interactions may
consequently modify the cellular effects of the
toxin because the three receptor binding sites of
Stx1 are linked to different biological activities
[47]. Furthermore, the ability of anti-StxB1 at
subinhibitory concentrations to promote rStxB1
binding to bovine lymphocytes increases mask-
ing of surface Gb;/CD77 molecules. This will
profoundly influence cellular interactions
between immune cells as well as interactions of
immune cells with other tissue cells in sifu [48].
As a consequence — although specific antibodies
are able to neutralize Stx1 in principle — their
activity fundamentally depends on the antibody-
antigen ratios within the tissues and the time
point (before or after receptor binding) the anti-
bodies bind to the toxin. Hence, the detection of
Stx-specific antibodies in sera of cows must not
necessarily result in an efficient protection

I. Stamm et al.

against immunomodulatory effects of Stx1. In
fact, serological responses in cattle do not corre-
late with elimination of STEC infection [45] or
protection against reinfection [14, 45].

Bovine intestinal epithelial cells express recep-
tors for Stx1 [49; Menge, unpublished data] but
the same holds true for some human intestinal
cell lines [50] which are able to translocate
significant amounts of Stx1 [3]. Because bovine
endothelial cells also resemble their human
counterpart in their susceptibility to Stx1 [51],
expression of functional Stx1-receptors by bovine
but not human T cells is the only fundamental
species difference discovered to date and
thus probably represents the missing link to
explain the differential outcome of STEC
infections — persistent infection or disease — in
these species. Detailed investigations of T cell/
epithelial cell interactions in the presence and
absence of Stx1 are currently under way in our
laboratory and will help to understand the
underlying mechanisms.

Materials and Methods
Toxin purification

Stx1 was produced from the bovine STECI
strain 2403 (rough, H ™) [10] and purified by a
procedure that was described previously [15]. At
the end of the purification process, toxin pre-
parations were passed through Detoxi-Gel ™
columns (Pierce, Old-Beijerland, Holland) to
reduce contaminations with endotoxin. The
Stx1 preparation contained 50,000 CDs;, of Stx1
(see below) and 0.85ng of Endotoxin per ml as
determined by the Limulus amoebocyte lysate
assay.

Purification of B subunit protein

Recombinant StxB1 (rStxB1) was purified from
E. coli DH5a [pSU108] [52] by the method of
Niebuhr [53] with slight modifications. Bacteria
were grown at 30°C overnight in Luria broth
supplemented with ampicillin (50 pg/ml),
diluted to an optical density at 560 nm (ODsg()
of 04 and incubated further until the ODsgp
reached 0.8. The culture was induced at 42°C for
4h, and the cells were harvested by centrifuga-
tion (8200 x g for 15 min). The pellet was washed
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twice with 10mM Tris-HCl (pHR.0), resus-
pended in a solution containing 25%  sucrose
(wi/vol), 1mM Na-LEDTA, and 10 mM Tris—HC1
(pHB.0), and gently shaken at 30°C for 10min.
The cells were harvesled and immediaiely
resuspended in ice-cold distilled waler {osmolic
shock lreatment) and shaken genily at 4°C [or
Wmin. After centriflugalion, the supernalant
fraction (periplasmic Iraclion) was collecled
and diluted in the same volume of 20 mM Tris-
HClH{pH 7.6), followed by another L'L.‘T‘lh"}ﬁ]gﬂti[}ﬂ
step (100,000 x g, 1.5h) immediately before fur-
ther pu]‘ifi{'atitm_

Purification of B subunit was performed by
use of a fast protein liquid chromatography sys-
tem (FPLCY; Amersham Pharmacia, Fr(*lhur&,,
Germany). Th{ pe rlph]hm]{ fraction was applied
0 a T\J{mt}[—) HR 3/53 column {Amersham
Pharmacia) equilibrated with 20mM Tris—HC]
lfpl [7.6). Elution was carried out with a gradient
from O to 1M Nalll in the same buffer. The B
subunit was eluted at a salt concentration of
50 to 90mM. Afterwards, the preparation
was supplemented with aprotinin (3O KIE/ml}
(Trasysol *, Bayer, Leverkusen, Germany) and
5% glycerol (v/v), and passed lhrough a Detoxi-
Gel'™ column (Fierce) to reduce endoloxin
contaminants. Further analysis of the B subunit
preparation was carried out by subsequent 5125-
PAGE and Woestern blot techniques. Protein
{'{mu'(‘ntm tion was determined with BUA protein
wuw " (Pierce, Old Beijerland, The Netherlands)
ac u}rdmb to the instructions of the manufactur-
cr. The r5txB1 preparation used in the present
study contained 330 pg/ml of r5txB1 and 0.92 ng
Endotoxin per ml.

Cytotoxicity assay

The {\,tntn\n{ activities of toxin pre pamtuma
were determined on Vero cells {ATCC CRIL1R87)
by the method of Gentry and Dalrymple [54]
with minor n'md]ttn.fltumt-ll';] Cellularmetabolic
activity was assessed by MTT reduction assay
as described previously |15, 53]. CDe, was cal-
culated [rom dose response curves geomelri-
cally as lhe reciprocal of the iloxin dilulion
causing 0% reduction in cellular melabolic
aclivily. In studies delermining the neulralizing
aclivily of plasma samples oblained [rom the
blood donors, medium was supplemenled with
plasma thal had been collected [rom the upper
phase of the Ficoll preparation and heated (56°C
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30 mink. Neutraliving activity of plasma samples
was calculated as: xneutralizing units/ml =
reduction of CDs,/ml by 107 [23].

Cell preparation and stimulation

Blood samples were taken [rom healthy cows
{(Holstein x german black pied) from the dairy
herd of the tarm of the Justus-Liebig-University.
Samples were diluted 101 with Ca2l-Mg? ! -free
PB5 and lavered onto Ficoll-Faque " (Amersham
Pharmacia} as described by Boyum [36]. After
LLntntutmtum (800 ® g, 2000, 43 min), cells were
TeCOVETE d from the Ficoll huttﬂ interface. Con-
t(:mmatmh ery throo yies were removed b}- incu-
bating the cell suspension with lysis buffer
(8.26 g NH,CI, 1.09 g NaHCO,, D.037 £ NayEDTA
ad 1000m1 A. dest.} at RT for 3min. The cells
were washed twice with PBS and resuspended
at 3x10% cells/ml in modified cell culture
medium  (RPMI 1640 supplemented  with
10% fetal calf serum, 3 pM 2-mercaptoethanol,
and Phytohemagglutinin I (PHA-I% Sigma,
Taulkirchen, Germany) al a [inal concentration
of 3ug/ml). The cell suspension was subse-
q uenlh added to 96-well {lat-botlomed micro-
liter plates (Nunc, Wiesbaden, Germany) with
50ul per well. The plales had been prepared
with 50pl per well of dilution series of
loxin preparalions generated with 0.15M NaCl
in triplicate plus 50 ul of cell culture medium. In
neutralization studies, medium was addition-
ally supplemented  with pmiﬁnd anti-Stx31
(m Ab 13C4) [24]. Plates were incubated at 37°C
under 3% CO, environment.

Immunophenctyping and flow
cytometry analysis

At the end of the cultivation period, cells
were thoroughly resuspended and transferred
to V-shaped wmicrotiter  plates {Greiner,
Irickenhausen, Germany} lor immunolabelling
as described previously |55, 5371 In shorl, the
cells were ceniriluged (130 x g, 4"C, Y min) and
resuspended in 30 pl of cell cullure medium as a
negalive conirol or wilth supernatanl of hybri-
doma cell lines (IL-Al1l1 for BoCD4, IL-A105
for BoCD®8, IL-Aa5 [or BoCD21 and IL-A2Y9 [or
WC1) Allernalively, the cells were resuspended
with 253ul of rat IgM (1 mg/ml, 1:30 in PBS;
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Camon, Wiesbaden, Germany) as a negative
control or with anti-human CD77 antibody
(1:10 in PBS; Beckman-Coulter, Krefeld,
Germany). Upon incubation (20 min, 4°C), the
cells were washed once and resuspended with
either 50l of anti-mouse IgG PE-conjugate
(Sigma) diluted 1:100 in PBS or anti-rat IgM
FITC- or PE-conjugate (Dianova, Hamburg,
Germany) 1:200 diluted in PBS containing
2ug/ml propidium iodide (Sigma). Following
another 20min on ice, the cells were washed
twice and analysed with an EPICS ELITE"
Analyser (Beckman—Coulter). Five thousand
events were aquired from each sample. Data
analysis was performed by using the ELITE 4.01
software provided by the manufacturer. Elec-
tronic gates were set according to the negative
control included in each test series defining less
than 2% of the cells as positive. Populations of
enlarged lymphoblast cells were defined accord-
ing to its light scatter characteristics as described
[16, 55] and analysed separately.

Binding and internalization studies

Cells were transferred to V-shaped microtiter
plates and incubated with 50pul of Stxl
(50,000 CDsp/ml) or rStxB1 (either 30 pg/ml or
varying concentrations as indicated) for 30 min
on ice [55]. In the case of neutralization studies,
Stx1 and rStxB1, respectively, had been preincu-
bated with anti-StxB1 for 1h. After incubation
cells were washed once. [In some studies
FITC-conjugated rStxB1 (kindly provided by
C. A. Lingwood, The Hospital for Sick Children,
Department of Microbiology, Toronto, Canada)
was used (10pg/ml). The following steps
were omitted in this case.] For internalization
studies the cells were next incubated at 37°C for
30min to allow uptake of the bound proteins.
Afterwards the cells were washed once and
resuspended in 50 pl of anti-StxB1 (45 ug/ml),
followed by another incubation on ice for 30 min.
Cellswerewashed againand resuspended in 50 ul
of anti-mouse IgG FITC-conjugate (Dianova)
diluted 1:400 in PBS and containing 2 pg/ml
propidium iodide (Sigma). Following another
30 min on ice, the cells were washed twice and
analysed by flow cytometry analysis as described
above. In some instances cells were additionally
immunolabelled as described above prior to the
last incubation step.

. Stamm et al.

Isolation and purification of neutral
glycolipids

PBMC of day 0 (the day of the preparation of the
cells) and day 4 (500 million cells each) were
washed several times with PBS and lyophilized
yielding dry-weights of 21 (day 0) and 41 mg
(day 4). Acidic fraction and neutral fraction
glycolipids wereisolated and analysed by HPTLC
and orcinol/H,S0y-staining as described else-
where [16, 58].

Binding of rStxB1 to glycolipids on
HPTLC plate

After glycolipid separation by HPTLC, the air-
dried plates were dipped three times in a hexane
solution of 0.5% Plexigum (Aldrich, Steinheim,
Germany) for 60s and then dried under warm
air. The plates were blocked by incubation with
2% bovine serum albumin (w/v) in PBS supple-
mented with 0.5% Tween 20" (v/v) for 1 h at RT.
After washing, the plates were overlayed for a
further 2 h with rStxB1 (5 ug/ml) diluted in the
same buffer. The plates were washed six times
and incubated with anti-StxB1 (3 pg/ml) for 1 h.
After washing six times the plates were over-
layed with anti-mouse Ig conjugated to alkaline
phosphatase (Dako, Hamburg, Germany) diluted
1:200 in buffer for 1h. The plates were washed
again three times, and bound antibody was
visualized with the 5-bromo-4-chloro-3-indolyl-
phosphate and nitroblue tetrazoliumchloride
substrate system (Biomol, Hamburg, Germany).

Statistical analysis

Data were analysed statistically by the paired
t-test, the Wilcoxon signed rank test, two-way
analysis of variance (ANOVA) and the Spearman
rank order correlation by wusing SigmaStat
2.0 software (1992; SPSS Inc., Chicago, IL, USA).
Significant differences were separated at P <
0.001 (***), P <0.01 (**), and P <0.05 (*).
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SUPPLEMENT

Verotoxin 1 from Escherichia coli Affects
Gb,/CD77" Bovine Lymphocytes Independent of
Interleukin-2, Tumor Necrosis Factor-«,
and Interferon-«

CHrisTiAN MENGE®" TvonsE Stamn,® Maike BLesseNoHL,* LorHar H. WIELER, ¥ AND
GrORG Barjer®
“lastitut fiiy Hyvgieae and Infeklionskrankheiten der Tiere, Justus-Liehip-Universitiit, 1-35392
Giessens and tnstitut fiiy Mikvobiologie wnd Tierseuchen, Freie Universitit Berlin,
D-10115 Berlin, Germuny

Verotoxin (VTlinduced immunomodulation has been impli-
cated in the ability of ¥T-producing Escherichia cofi (VTEC) to
cause persistent infections in cattle. VT1, also referred to as
Shiga toxin 1, is a potent cytotoxin that modulates cytokine
secretions and functions. Thiz prompted the current investiga-
tion ta examine whether the inhibiting effect of ¥T1 on bovine
lymphocytes correlates with the expression of the cellular ¥T1
receptor Gb/CD77 or is mediated instead via perturbation of
cytokine secretion. Using blood mononuclear cells stimulated
by mitogens as a model, VT1 significantly blocked lymphoblast
transformation and proliferation in the BoCD8" T cell and
BoCD21" B cell population. In contrast, ¥T1 dramatically re-
duced the number of viable Gb,/CD77" blast cells within all
subpopulations identified (BoCD2', BoCD4', BoCD8", WC1"
[iLe. ~i T cells] BoCD21", and BoCD25™). Similar effects of VT1
were observed when the culture medium was supplemented
with selected eytokines; tumor necrosis factor-c-sensitizing en-
dothelial cells against VT1, interferan-a (IFN-«) as bovine IFN-«
receptors are partially homologous to the B-subunit of ¥T1, and
interleukin-2 that is critical for lymphocyte proliferation in wiro.
The addition of these cytokines was neither able to mimic nor to
overcome the effects of VT1. Therefore, it is concluded that WVT1
directly actz on bovine lymphocytes rather than inducing a cy-
tokine-mediated effect. VT1 considerably affects all main bo-
vine lymphocyte subpopulations, implicating that the immune

AL wits supported by predoctond Jelloe
ULy swhurm teguest Bor eprinls should |
Tntskiivnes: krankbeei i, Juslus-Li

shpr ol tie Dleseisehe Grmloderieniiekerong,

system is a predominant target for VT1 in cattle. Exp Bicl
Med 228377388, 2003

Key words: verctoxing: immunity; cattle; Shiga toxing Escherichia
coli; food safety

lling the host immune cells by exoloxins (1) rep-

resenls a mechanism ol pathogenic bacleria Lo sur-

vive inside their host. Towever, evasive strategics
also include those that countleract evlokine action by either
blocking production of particular eylokines, mimicking cy-
tekines andfor cytokine receptors, and inhibiting cytokine
release or acltion (2], Analogous Lo the established clusses of
virulence [actors such as adhesins, invasins, aggressins, and
impeding, TTenderson et al (3) sugaested the term “modu-
lin™ lo describe this class ol molecules. Allthough classilied
ay aggressins, muany baclerial exoloxins, orgimally delined
by cytopathic effects, may posscss additional modulating
activilies, The capacily ol exoloxins (3) o elicil synthesis
and secrelion ol pro- and anli-inllammatory cylokines may
he asz important as their direct toxic effects in pathogenesis.
Veroloxing (V1 also relerred o as Shiga lexing) are com-
monly known az pelent eyloloxins thal elliclently lruncale
protein svnthesis and cause subsequent death of susceprible
cells (4, VI -producing Evcherichia coli (VTEC) are [ood-
borne pathogens causing drumalic illnesses such as the he-
molylic wremic syindrome (HUS) in humans (3). During
pathogenesis of HUS, kidney Latlure predominantly resulls
from VT cvtotoxic effects on endothelial cells (6). ¥Ts also
significantly interfere with evtokine seerction and function
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within tissues (7). VT-induced liberation of tumor necrosis
factor-a (TNF-a) and interleukin-1 from macrophages (8)
renders endothelial cells susceptible to VT by upregulating
the VT-receptor Gb;/CD77 (9). In addition. the receptor-
binding B-subunit of VT1 and the Type 1 interferon recep-
tor (IFNAR) share a Gb,/CD77-binding domain and one of
the physiological functions of Gb;/CD77 is to facilitate the
binding of «2 interferon to the IFNAR (10). VT1 and
IFNAR efficiently compete for Gb,/CD77 binding and VT1
pretreatment of cells resulted in a diminished IFN-« sensi-
tivity (10, 11).

Ruminants show a high prevalence of asymptomatic
VTEC infections and represent the biological reservoir of
these pathogens (12, 13). The work of Cornick ef al. (14)
suggested that VT are profoundly involved in the ability of
VTEC (o cause persistent infections in ruminants. This sug-
gestion is underlined by the findings of our group and others
that VT are able to block proliferation of bovine lympho-
cytes in vitro (15) and in vivo (16). Therefore, a VT-induced
immunomodulation represents a highly attractive hypoth-
esis to explain how VTEC facilitate persistence of infection.
However, the exact mechanisms are poorly understood.
VTI efficiently induced apoptosis in a bovine lymphoid cell
line (15), and only inhibited proliferative responses to mi-
togens in primary cultures of bovine lymphocytes without
inducing cell death (15, 17). The latter effect was putatively
due to a blockage of cellular activation particularly in cells
of the BoCD8™ T cell and BoCD21* B cell subpopulations
(15). Although bovine lymphocyltes are able to express Gb,/
CD77 in vivo and in vitro, Gb;/CD77 expression itself relies
on activation of the cells (18). It should be noted that Gb,/
CD77 expression is not limited to BoCD8* and BoCD21™*
cells as it has a very broad cellular distribution, including
BoCD4™ T cells proliferation of which is marginally af-
fected by VTI. It is not known whether VT1 can act as a
leukotoxin to affect Gby/CD77" bovine lymphocytes. VT
may function as a modulin by interfering with cytokines that
subsequently cause negative effects such as inhibition of
BoCDS8" and BoCD21" cell proliferation (15). The objec-
tive of this study was to investigate whether the inhibition of
bovine lymphocytes by VTI is linked to the activation-
dependent Gb,/CD77 expression by lymphocytes and
whether a selected number of cytokines are involved in the
immunomodulation caused by VT1 in cattle.

Materials and Methods

Experimental Animals. Blood samples were col-
lected from 25 healthy, lactating cows (Holstein x German
black pied) from the dairy herd of the Teaching and Re-
search Farm of our institution. All cows were healthy
throughout the study.

Toxin Purification. VTI was purified from the bo-
vine VTEC]1 strain 2403 H™ (19) by a procedure that was
described previously (15). Briefly, bacteria were grown at
37°C for 12 hr in minimal essential medium, harvested,
and sonicated. The supernatant was applied to a column
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containing Cibacron blue 3G-A linked to agarose beads
(HiTrap blue, Pharmacia, Freiburg, Germany). The bound
material was eluted with a gradient from 0 to 1 M NaCl in 10
mM sodium phosphate buffer (pH 7.4). Fractions with the
highest verotoxicity (determined by using the Vero [African
Green Monkey kidney] cell toxicity assay) were pooled. For
subsequent immunoaffinity chromatography, protein A/G
agarose (Schleicher & Schuell, Dassel, Germany) was
loaded with mouse anti-VT1 B-subunit (anti-VTB1) mono-
clonal antibodies (mAb clone 13C4) that became noncova-
lently linked to the gel matrix (20). The partially purified
and dialyzed toxin was applied to this column and bound
material was eluted with a pH gradient from 3.5 to 2.15 in
0.75 M NaCl. The fractions with the highest verotoxicity
were pooled and dialyzed against 0.15 M NaCl overnight.
Finally, toxin preparations were passed through Detoxi-Gel
columns (Pierce, Old-Beijerland, The Netherlands) to re-
move endotoxin contaminants.

Cytotoxicity Assay. The cytotoxic activity of VT
preparation was determined on Vero cells (ATCC CRL
1587) as described by Gentry and Dalrymple (21) with mi-
nor modifications. Briefly, 50 pl of 10-fold dilution series
of toxin preparations were generated with 0.15 M NaCl in
microtiter plates (Nunc, Wiesbaden, Germany) in triplicate.
Fifty microliters of 0.15 M NaCl served as a negalive con-
trol, whereas 50 pl of 1% SDS in 0.15 M NaCl were used
as a positive control. A total of 50 pl of cell culture medium
(RPMI 1640 supplemented with 10% fetal calf serum, 2 mM
glutamine, 100 units of penicillin, and 100 pg of strepto-
mycin per milliliter) then were added to each well. In neu-
tralization studies, medium was additionally supplemented
with purified anti-VTB1 (mAb 13C4) leading to a final
concentration of 1.5 pg of immunoglobulin per milliliter.
Initial experiments in our laboratory revealed that this con-
centration of antibody is sufficient to completely neutralize
the biological activity of at least 200 CD4y/ml of VT1 (for
definition see below) used in this study. After incubation (at
room temperature for 30 min) 50 wl of Vero cell suspension
(8 x 10° cells/ml of culture medium) were applied to each
well, and the plates were incubated at 37°C for 96 hr under
a 5% CO, environment. Cellular metabolic activity was
assessed by 3-[4,5-dimethyl-2-thiazolyl]-2.5-diphenyl tetra-
zolium bromide (MTT) reduction assay. Cytotoxic dose
50% (CDs,) was calculated from dose-response curves geo-
metrically as the reciprocal of the toxin dilution causing
50% reduction in cellular metabolic activity.

Peripheral Blood Mononuclear Cell (PBMC)
Preparation and Stimulation. Bovine PBMC were pre-
pared according to the method of Bgyum (22) by using
Ficoll-Paque (Pharmacia) with minor modifications (15).
The cells were resuspended at 5 x 10° cells/ml in a modified
cell culture medium (RPMI 1640 supplemented with 10%
fetal calf serum and 3 pM 2-mercaptoethanol). The cell
suspension was subsequently added to 96-well flat-
bottomed microtiter plates (50 pl per well). The plates were
prepared in a manner similar to that for the cytotoxicity
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assay. In the PBMC cultures, the medium also was supple-
mented with concanavalin A (ConA), phytohemagglutinin P
(PHA-P), pokeweed mitogen (PWM), or lipopolysaccharide
from E. coli O111:B4 (LPS; Sigma, Taufkirchen, Germany)
at final concentrations of 5, 5, 10. and 25 pg/ml, respec-
tively. In some studies, the medium was supplemented with
VTI (leading to a final concentration of 200 CDsy/ml as
determined in the Vero cell assay) in the absence or pres-
ence of monoclonal anti-VTB1 (a final concentration of 1.5

o/ml) and varying concentrations of selected cytokines.
Cytokines were rbolL-2 (supplied by R.A. Collins, IAH,
Compton, UK), rboTNF-a (supplied by R.F. Steiger, CIBA-
GEIGY, Basel, Switzerland), and rhulFN-a(2b) purchased
from TEBU (Frankfurt, Germany). Plates were incubated at
37°C for | to 8 days under 5% CO,.

MTT Reduction Assay. Cellular metabolic activity
was assayed by measuring the reduction of MTT (Sigma,
Taufkirchen, Germany) as described previously (15).
Twenty-five microliters of MTT solution (5 mg/ml in phos-
phate-buffered saline [PBS]) were added per well. Upon
incubation at 37°C for 4 hr, the reaction was stopped by
adding 100 wl of 10% sodium dodecyl sulfate in distilled
water. After an overnight incubation, the optical density
(OD) was read on a Titertek Multiscan MCC/34( ELISA
plate reader (Flow, Meckenheim, Germany) by using a test
wavelength of 540 nm and a reference wavelength of 690
nm. The percentage of cellular metabolic activity was cal-
culated as: (OD sample — OD positive control)/(OD nega-
tive control — OD positive control) x 100.

Immunophenotyping and Flow Cytometry
Analysis. After stimulation, PBMC were thoroughly re-
suspended and transferred to V-shaped microtiter plates
(Greiner, Frickenhausen, Germany) at the end of the culti-
vation period and were pelleted by centrifugation (150g at
4°C for 7 min) as described by Menge er al. (23). The
pellets were resuspended in 50 pl of cell culture medium as
a negative control or with supernatant of hybridoma cell
lines (IL-A 43 for BoCD2, IL-A11 for BoCD4, IL-A105 for
BoCDS, 1L-A65 for BoCD21, IL-A111 for BoCD25, and
IL-A 29 for WCI). The cells were incubated on ice for 20
min, pelleted, resuspended with 25 pl of rat IgM (1 mg/ml,
1:50 in PBS: Camon, Wiesbaden, Germany) as a negative
control or with anti-human CD77 antibody (1:10 in PBS;
Beckman-Coulter, Krefeld, Germany) and incubated for an
additional 20 min. The cells then were washed once and
resuspended with 50 wl of anti-mouse PE-conjugate
(Sigma) diluted 1:100 in PBS. After 20 min, the cells were
pelleted and resuspended in 50 pl of anti-rat IgM FITC-
conjugate (Dianova, Hamburg, Germany) 1:200 diluted in
PBS and containing 2 pg/ml propidium iodide (Sigma).
After another 20 min on ice, the cells were washed twice
and analyzed with an EPICS ELITE Analyser (Beckman-
Coulter, Krefeld, Germany). A total of 5000 events were
acquired from each sample. Data analysis was performed by
using the ELITE 4.01 software provided by the manufac-
turer. Electronic gates were set according to the negative

control included in each test series defining less than 2% of
the cells as positive. Populations of enlarged lymphoblast
cells and untransformed nonblast cells were defined accord-
ing to its light scatter characteristics as described (18) and
were analyzed separately.

Statistical Analysis. Data were analyzed statisti-
cally by paired 7 test and the Wilcoxon signed rank test
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Figure 1. Effect of VT1 on Gb,/CD77 expression by hovine PBMC.
Cells were incubated with VT1 (200 CDgy/ml, quantified on Vero
[African Green Monkey kidney] cells) at 37°C. Culture medium was
free of mitogen (A) or was supplemented with 5 pg/ml PHA-P (B) or
25 pg/ml LPS (C). Observed effects were assigned to VT1 by com-
parison of the results obtained in the absence (@) or presence of 1.5
pg/ml anti-VTB1 mAb 13C4 (O). Expression of Gb,/CD77 was quan-
tified by flow cytometry at the indicated time points. Data analysis
was performed by calculating the percentage of viable Gb,/CD77*
cells belonging to the blast cell or nonblast cell population of single
determinations of one cow.
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Figure 2. Effect of VT1 an Gl/CO77 exprassion by boving PEBMGC subpopulations. Gells were incubated with VT1 (200 CD-/mil, guantifisd
on Vere cells) at 37°C. Culture madium was supplemeantad with 5 pg/ml PHA-P. Observed effects were assigned to WT1 by comparisen of the
results obtained in the absence (@) or presence of 1.6 painl anti-YTEL mab 13C4 (2. BExprassion of GhCO77 was quantifizd at the time
paints indicatad by flow cytomatry. Effect of YT1 on Gby/CO77 expression within the blast cell (&) and nonblast cell (B) population is shown
by caleulating the percentage of viable, Gh/CO7T  cells belonging to the blast cell and nonblast call population, respectively. Bars reprasent
mean = S0 of 20 cows. Hodzontal brackets anclosa bars that are different (@ = 0.01 [*]; P -= 0.001 [***]}. {C} Effect of VT1 on Gb/CD77
expression by PEMO subpopulations of one cow was depictad by calculating the psrcentage of GhGDTY' blast cells belonging to the
indicated subpopulations (single determinations; WC1, antigen salely expressed by boving +& T calls).

using Sigmaslal 2.0 sollware (1992; SPSS Ine., Chicago,
ILY. Signilicant dilferences were separated al £ = 0,001
[=#=], £ = 000 7], and £ = 0,05 7],

Results

Etfect of VT1 on Gb./CD77* Bovine PBMC. Ls-
ing PEBMC cultures as a model, the percentage ol Gb/
CDT T -enlarged lymphoblast cells as well as GhJCDTT
nonblast cells increased constantly within 1w 2 days aller
the iniliation ol cullure and peaked al Day 4 in the absence
or the presence ol the milogens PHA-D and LIS, respec-
tively (Fig. 1), The presence ol nanogram concentralions of
VT (200 CL . Aml as delenmined on Vere cells; one vero-
loxie dose 30% was previously caleulated o be equivalent
lo 0= padmil of purilied V1) (24) dromatically reduced
the number ol viable Gha/CDTT7' cells in the blast cell and
nonblast cell population over lime (Fig, 1) The ellect of
YVT1 became obvious only after 4 days of incubation, im-
plicating that Gh/CT7T expression on Days 1 and 2 15 a
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Figure 3. Effect of rboll-2 and WT1 on the cellular metabolic activity
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WT1 + anti-VTBE1 (b) ware dotoctad.
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prerequisite for the effect of VT1 to occur. Analysis of
PHA-P-stimulated PBMC of a significant number (n = 20)
of cows (Fig. 2, A and B) indicated that VT1 did not com-
pletely eliminate Gb,/CD77" cells. Even in the presence of
VTI, viable Gb,/CD77" cells were detectable within the
cultures over the entire cultivation period, although initial
experiments had shown that the concentration of VT1 ap-
plied was sufficient to induce maximum effects (data not
shown). Surprisingly, at an early phase of cultivation the
number of viable Gb,/CD77" nonblast cells in VT1-treated
cultures significantly exceeded the number of positive cells
in cultures treated with VT1 plus anti-VTB1 mAb (Fig. 2B).
Irrespective of susceptibility of different PBMC subpopu-
lations to the inhibitory effects of VTI, with BoCD8™ T
cells and BoCD21" B cells being the most sensitive cells, a
marked reduction of Gb,/CD77" blast cells in the presence
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of VTI was detectable for all lymphocyte subsets investi-
gated (Fig. 2C).

Interference of Selected Cytokines and the Pro-
liferation Inhibiting Effect of VT1. Checking the hy-
pothesis that VT1 might have impaired a paracrine 1L-2
release in the cultures, addition of recombinant bovine in-
terleukin-2 (rbolL-2; 1-10,000 units/ml) did not overcome
the reduction of the cells’ metabolic activity caused by VTI
(Fig. 3). At the lowest rbolL-2 concentration used (1 unit/
ml), the metabolic activity was as much reduced as could be
seen with VT1 alone. This reduction was even amplified at
increasing rbolL-2 concentrations. Likewise, rbolL-2 nei-
ther influenced inhibitory effects of VT1 on BoCD8" and
BoCD21* cells nor the toxin-induced reduction of Gb,/
CD77" blast cells at a any significant level (Fig. 4; P> 0.05
for VT1 + rbolL-2 versus VTI1).
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Figure 4. Effect of rbolL-2 and VT1 on transformation and proliferation of PBMC subpopulations. Cells were either incubated with VT1 (200
CDso/ml, quantified on Vero cells) with (open bars) or without (black bars) anti-VTB1 mAb 13C4 (1.5 pg/ml) or with VT1 together with indicated
concentrations of rbolL-2 (striped bars) at 37°C. Culture medium was supplemented with 5 pg/ml PHA-P. Lymphocyte subpopulations were
identified by immunophenotyping after 96 hr of incubation, quantified by flow cytometry, and the percentage of viable blast cells belonging to
the indicated subpopulation was calculated. Bars represent the mean, minimum, and maximum of determinations from three cows.
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The effects of VT1 on bovine lymphocytes also were
not due to a VT I-induced release of TNF-a from monocytes
because addition of rhoTNF-« (1-10,000 ng/ml) alone did
not mimic the effect of VT'1 and did not reduce the cellular
metabolic activity (data not shown). Although rboTNF-«a
(10-1,000 ng/ml) led to a slight decrease (P = 0.05 for 100
and 1000 ng/ml rboTNF-a each versus VT + anti-VTB1)
in the percentage of BoCD217" blast cells (Fig. 5). the per-
centages of BoCD8* and Gb,/CD77" blast cells were not
different (P > 0.05 for rboTNF-a versus VT1 + anti-VTBI1)
in rboTNF-a-treated and negative control cultures (Fig. 5).

Recombinant human interferon-oc (rhulFN-«; 1.5—
1,500 units/ml) alone did not significantly alter the trans-
formation and proliferation of PBMC subpopulations and
the number of viable Gbs/CD77" blast cells, but slightly
depressed (P = 0.05) the metabolic activity of the cells at
high concentrations (15,000 units/ml; data not shown). To
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test whether IFN-a was able to modulate the effect of VT,
the cells were incubated in the presence of 1.5-150 units/ml
rhulFN-a simultaneously to VTI. In this experiment, the
metabolic activity of PBMC was reduced to a level similar
to that when incubated with VT1 alone (Fig. 6). Moreover,
rhulFN-« augmented the VTI-induced reduction at higher
concentrations. The addition of rhulFN-« (15-1,500 units/
ml) to VTl-treated cultures only marginally affected the
transformation and proliferation of PBMC subpopulations
(Fig. 7). In cultures with rhulFN-a and VT, the percentage
of Gb;/CD77" blast cells was reduced to a level similar to
that in cultures treated with VT1 alone (P > 0.05 for VT1 +
rhulFN-a versus VTI).

Effect of VT1 on Prestimulated Bovine PBMC.
The results described above suggest that induction of Gbs/
CD77 expression occurred before the inhibitory effect of
VT1 when the toxin is present in the culture from the be-
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Figure 5. Effect of boTNF-« on transformation and proliferation of PBMC subpopulations. Cells were either incubated with VT1 (200 CDgy/ml,
quantified on Vero cells) with (open bars) or without (black bars) anti-VTB1 mAb 13C4 (1.5 pg/ml) or with rboTNF-« at the indicated
concentrations (striped bars) at 37°C. Culture medium was supplemented with 5 pg/ml PHA-P. Lymphocyte subpopulations were identified by
immunophenotyping after 96 hr of incubation, quantified by flow cytometry, and the percentage of viable blast cells belonging to the indicated
subpopulation was calculated. Bars represent the mean + SD of determinations from four cows.
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Figure 6. Effect of rhulFN-« and VT1 on the cellular metabolic ac-
tivity of bovine PBMC. Cells were either incubated with VT1 (200
CDg/ml, quantified on Vero cells) with (open bar) or without (black
bar) anti-VTB1 mAb 13C4 (1.5 pg/ml) or with VT1 together with
indicated concentrations of rhulFN-« (striped bars) at 37°C. Culture
medium was supplemented with 5 pg/ml PHA-P. Cellular metabolic
activity was determined by MTT reduction assay after 96 hr of incu-
bation. Percentage activity was calculated and data represent mean
+ SD of 12 determinations with cells from four cows. Differences
(P <0.01) to VT1 (a) and VT1 + anti-VTB1 (b) were detected.

ginning. Consequently, PBMC that were prestimulated to
express Gb,/CD77 at high levels before they experienced
VT1 should have been much more sensitive to the toxin. We
compared PHA-P-stimulated PBMC treated with VT1 from
the beginning of the incubation (Day 0) until Day 4 with
cells that received toxin after a 3-day prestimulation period
and were characterized on Day 6 (Fig. 8). In fact, VT1 led
to a more pronounced decrease in the number of viable
BoCDS8" cells and BoCD217 cells when added to prestimu-
lated PBMC. However, reduction of cell numbers was not
notably different from that achievable in cultures treated
from Day O until Day 4 (Figs. 1-7). Even when VT1 was
added to the cells on Day 3, a prominent number of Gb./
CD77* cells were still detectable after 3 days of cultivation.
Based on our data, suscepltibility of bovine PBMC cultures
for VT1 did not directly correlate with the percentage of
Gb,/CD77* cells.

Discussion

Several studies using experimental infections and cul-
tures of lymphoblastoid cell lines suggested that VT can
cause immunomodulatory effects in animals infected with
VTEC (16, 25-27). Based on our finding that VT1 inhibits
bovine lymphocyte proliferation in vifro (15), we attempted
to elucidate the mechanism underlying the immunomodu-
lation by using primary cultures. Expression of Gb,/CD77
(recognized as the VTI receptor in other cell systems) in
fact preceded the inhibitory effect of VT1 on bovine lym-
phocytes. After activation-induced Gby/CD77 surface ex-
pression, VT1 subsequently reduced the portion of Gb,/
CD77" cells. Inhibition by VTI1 predominantly affects
BoCDS8" and BoCD21* cells (15), but Gby/CD77* cells
were eliminated from all subpopulations identified. There-
fore, the bovine immune system appears to be more sensi-
tive to VTI than the human immune system because in the

latter, the activity of VTI is restricted to the B cell com-
partment (25, 28). The significance of VT1 in bovine VTEC
infections has been questionable since Pruimboom-Brees et
al. (29) published information that cattle lack vascular re-
ceptors for VT. However, the present study indicates that in
contrast to other species in which endothelial cells are the
main targets for VTs, immune system cells are a predomi-
nant target for VT in cattle.

The impact of immunomodulatory effects caused by
bacterial products in vifro on the course of bacterial infec-
tions can only be appropriately estimated if it is understood
whether this effect truly results from a direct action on
immune system cells or is rather due to a perturbation of
cytokine profiles (30). Thus, we investigated the effects of
selected cytokines in the presence and absence of VTI.
First, TNF-« is secreted by human monocytes such as after
stimulation with VT1 and sensitizes human endothelial cells
by inducing Gb,/CD77 (8). The PBMC preparations used in
our studies consisted of up to 15% monocytes (15). Conse-
quently, inhibition of lymphocytes could be secondary to a
VTl-induced release of TNF-a from monocytes. However,
the addition of recombinant bovine TNF-a (rboTNF-a)
alone did neither augment the expression of Gb;/CD77 nor
did it mimic the effect of VT1 within a wide concenltration
range. Accordingly, we were not able to detect significant
amounts of TNF-a in VTI-treated bovine monocyte cul-
tures (C. Menge. unpublished data). Second, IFN-a only
binds to its receptor (IFNAR) in its high-affinity conforma-
tion complexed to Gb3/CD77 (10). Due to the partial ho-
mology between the bovine IFNAR and the receptor-
binding B-subunit of VT1 (10), it appeared that IFN-«
might have been able to block the activity of VT1 by sta-
bilization of the Gb;/CD77-IFNAR complex. However, the
fact that rhulFN-o augmented the inhibitory effect of VT1
in a concentration-dependent manner suggested that both
substances use different signal transduction pathways.
Third, because VT1 increased and prolonged expression of
the bovine IL-2 receptor BoCD25 (15), we speculated that
the effect of VT1 could have been due to a blockage of the
paracrine bolL-2-release. This phenomenon is induced in
human lymphocyte cultures (31) by a factor encoded for by
the /ifA gene of enteropathogenic E. coli (32). The fact that
exogenous rbolL-2 was unable to overcome the effect of
VTI on bovine lymphocytes in a concentration range from
10 to 1000 units/ml suggests a direct effect of VT1.

An impact of cytokines cannot be ruled out completely
because cytokines other than those used in our study may be
involved, but VT1 drastically decreased the number of Gb./
CD77" cells and predominantly acted as a leukotoxin rather
than a modulin. Interestingly, low numbers of positive cells
were still detectable during the entire cultivation period,
even in the presence of VT1. Because VT1 also lowered the
mean number of Gb3/CD77 molecules on the surface of
positive cells as concluded from a reduced mean fluores-
cence intensity (data not shown), VT1 seemed to induce a
cytotoxic mode of action by eliminating Gb,/CD77"" cells.
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Figure 7. Effect of rhulFN-« and VT1 on transformation and proliferation of PBMC subpopulations. Cells were either incubated with VT1 (200
CDgo/ml, quantified on Vero cells) with (open bars) or without (black bars) anti-VTB1 mAb 13C4 (1.5 pg/ml) or with VT1 together with various
concentrations of rhulFN-« (striped bars) at 37°C. Culture medium was supplemented with 5 pg/ml PHA-P. Lymphocyte subpopulations were
identified by immunophenotyping after 96 hr of incubation, quantified by flow cytometry, and the percentage of viable blast cells belonging to
the indicated subpopulation was calculated. Bars represent the mean + SD of determination from four cows.

Such a correlation between the susceptibility of cells for
VT! and the number of Gb;/CD77 molecules expressed on
the cellular surface has already been described for other cell
lines (33). However. there is evidence that the effect of VT1
on bovine cymphocytes is much more sophisticated. First,
there is a marked contradiction between the prominent re-
duction in cellular metabolic activity caused by VT1 and the
lack of a detectable increase in the number of apoptotic cells
on Day 4 of culturing (15). Second, the percentage of Gbs/
CD77" cells was drastically decreased by VTI, even in
those subpopulations of bovine lymphocytes proliferation of
which was only marginally affected (Fig. 2). Third, the
reduction of Gby/CD77* cells also was significant within
the nonblast population of lymphocytes (Figs. 1 and 2) that
expressed Gby/CD77 just at low to moderate levels (18).
Gb,/CD77 expression by bovine lymphocytes parallels the
activation of the cells up to a certain stage characterized by

384 VEROTOXIN 1 AND IMMUNITY

moderate Gb;/CD77 expression (18). At this point, the cells
cither survive and probably downregulate Gb;/CD77 again
or die from apoplosis expressing high levels of Gb,/CD77.
The effect of VTI1 thus likely occurred early in cultivation
on apparently small numbers of sensitive cells between the
Gb,/CD77"" and the Gb,/CD77™ " state of activation.
These cells then end up in apoptosis after transient high-
level Gb,/CD77 expression. This might explain the signifi-
cantly enhanced percentage of Gb;/CD77" nonblast cells in
VTI-treated cultures on Day 2 (Figs. 1 and 2). This notion
is further supported by the fact that the addition of VT1 on
Day 3 of the cultures still induced effects in a magnitude
similar to that associated with addition of the toxin at the
beginning. The cells must have become refractory again
when they reached the Gb,/CD77"&" state before experi-
encing VT1. Because bovine lymphocytes are VT1 sensi-
tive only transiently during the activation process, VTEC
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Figure 8. Effect of VT1 on prestimulated PBMC. Cells were incubated with VT1 (200 CDg,/ml, quantified on Vero cells) either with (open bars)
or without (black bars) anti-VTB1 mAb 13C4 (1.5 pyg/ml) at 37°C starting either on the day of PBMC preparation (Day 0) or on Day 3 of
incubation. Culture medium was supplemented with 5 pg/ml PHA-P. Lymphocyte subpopulations were identified by immunophenotyping on
Days 4 and 6 of incubation, respectively, quantified by flow cytometry, and the percentage of viable nonblast cells belonging to the indicated
subpopulation was calculated. Bars represent the mean + SD of determinations from four cows. Horizontal brackets enclose bars that are

different (P = 0.05 []).

secreting VT1 predominantly block the onset of an immune
response in their host rather than downregulating an estab-
lished one. From the bacterial point of view, this strategy is
highly efficient as less amounts of toxin are necessary to
target smaller numbers of immune cells.

The fact that VT1 directly targets several subsets of
lymphocytes at an early phase of activation underlines that
the immunomodulation via secretion of VT1 is a very spe-
cific feature of VTEC. The impact of these findings on the
course of VTEC infections can only be a matter of specu-
lation. Currently, the impact of the interactions between VT
and immunocytes on pathogenesis of HUS is under intense
review (34-36). In cattle, Hoffman er al. (16) showed that
experimental VTEC infection of calves led to a reduced
mitogenic responsiveness of PBMC in vivo, confirming the
relevance of our in vitro results. However, adult cattle are
asymptomatic carriers of VTEC and frequently possess an-
tibody titers against VT (37). Therefore, VT1 presumably

modulates the host’s immune response of adult cattle on a
local level rather than causing a systemic immune defi-
ciency. Because Paton er al. (38) showed that LPS-specific
antibodies can prevent the adhesion of VTEC to epithelial
cells, VT1 may facilitate the colonization of the bovine gut
by acting on local B cells, hindering antibody production or
secretion. This would explain why VTEC are shed for
longer periods compared with the closely related but VT-
negative enteropathogenic E. coli strains as it has been
shown to occur in sheep (14). Accordingly, a prominent
portion of bovine B cells separated from mesenteric lymph
nodes are Gb,/CD77" (18). Interestingly, the bovine intes-
tinal intraepithelial lymphocytes also express Gb,/CD77 in
vivo and are sensitive to the proliferation inhibiting effect of
VTI in vitro (39). Further investigations on VT effects on
mucosal immune cells will, therefore, be of considerable
importance in increasing our understanding of VTEC’s ad-
aptation to their bovine reservoir.
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The discovery that bovine peripheral lymphocytes are sensitive to Stx1 identified a possible mechanism for
the persistence of infections with Shiga toxin (5tx)-producing Escherichia coli (STEC) in the bovine reservoir
host. If intraepithelial lymphocytes (IEL) are also sensitive to Stx1, the idea that Stx1 affects inflammation in
the bovine intestine is highly attractive. To prove this hypothesis, ileal IEL (iIEL) were prepared from adult
cattle, characterized by flow cytometry, and subjected to functional assays in the presence and absence of
purified Stx1. We found that 14.9% of all iIEL expressed Gb;/CD77, the Stx1 receptor on bovine lymphocytes,
and 7.9% were able to bind the recombinant B subunit of Stx1. The majority of Gb,/CD77* cells were activated
CD3* CD6* CD8a™ T cells, whereas only some CD4* T cells and B cells expressed Gh;/CD77. However, Stx1
blocked the mitogen-induced transformation to enlarged blast cells within all subpopulations to a similar
extent and significantly reduced the percentage of Gb;/CD77" cells. Although Stx1 did not affect the natural
killer cell activity of ilEL, the toxin accelerated the synthesis of interleukin-4 (IL-4) mRNA and reduced the
amount of IL-8 mRNA in bovine iIEL cultures. Because the intestinal system comprises a rich network of
interactions between different types of cells and any dysfunction may influence the course of intestinal
infections, this demonstration that Stx1 can target bovine IEL may be highly relevant for our understanding

of the interplay between STEC and its reservoir host.

Persistently infected ruminants—especially cattle—are the
main natural reservoir of Shiga toxin (Stx)-producing Esche-
richia coli (STEC) (14). STEC can be detected in as many as
60% of bovine fecal samples from several countries all over the
world (5). The pathogenicity of STEC for cattle is low and
limited to sporadic cases of diarrhea in young calves. For adult
animals, no disease condition has been linked to STEC infec-
tions to date (35). Nevertheless, STEC represents an emerging
group of zoonotic enteric pathogens (39): when transmitted to
humans, some STEC strains cause epidemics and sporadic
cases of diarrhea, and in most cases intestinal inflammation
then progresses to hemorrhagic colitis (HC). Patients with HC
may develop life-threatening sequelae such as the hemolytic-
uremic syndrome (HUS) (32). Once HUS is clinically estab-
lished, there is no curative therapy (44). Most human STEC
infections for which a source has been identified have been
traced to direct or indirect contact with bovine feces (13).
Strategies aimed at reducing the incidence of human STEC
infections by lowering the prevalence of STEC in cattle must
be based on an understanding of how STEC is able to persist
in the intestine of the bovine host.

Because there are no overt signs of intestinal inflammation
in STEC-infected cattle, it has been hypothesized that STEC
has adapted to a purely “commensal” lifestyle in cattle (35).
However, even under normal conditions, the intestinal mucosa
displays a state of “physiological inflammation,” manifested by
the presence of abundant leukocytes in the intraepithelial and
subepithelial compartments (7). Most STEC strains have an

* Corresponding author. Mailing address: Institut fiir Hygiene und
Infektionskrankheiten der Tiere, Frankfurter Str. 89, D-35392 Gies-
sen, Germany. Phone: 49-641-99-38314. Fax: 49-641-99-38309. E-mail:
christian.menge @vetmed.uni-giessen.de.
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array of virulence determinants, including the induction of a
characteristic histopathological feature known as the “attach-
ing and effacing” lesion (2, 6, 10, 46), that allows them to
interact with intestinal cells in multiple ways. It is tempting to
assume that at least one of these determinants represents a
danger signal that generates a response beyond physiological
inflammation and terminates STEC colonization, even in the
bovine host (34, 40). The frequent detection of anti-Stx anti-
bodies in the sera and colostrum of cows (17, 31) provides
additional evidence that the persistence of bovine STEC infec-
tions does not result from a general inability of cattle to re-
spond to STEC or its products. STEC must have elaborated a
mechanism that actively limits intestinal inflammation, main-
tains intestinal homeostasis, and finally allows persistent colo-
nization.

The main virulence factors of STEC are the Stxs, potent
cytotoxins of the ribosome-inactivating type comprising five B
subunits that mediate Stx binding to a eukaryotic cell surface
receptor (globotriaosylceramide [Gb5]/CD77) and one A sub-
unit that contains the enzymatic activity (33). Stxs may also
play a role in facilitating intestinal persistence of STEC. Ex-
perimentally infected adult sheep shed STEC strains longer
than they shed strains lacking the stx gene (4). Our hypothesis
that Stxs are able to modulate intestinal inflammation in the
bovine mucosa was based on observations that activated bovine
blood-derived lymphocytes express Gb;/CD77 molecules, a
subset of which represents functional Stx1 receptors (23, 37).
Stx1 binds directly to bovine blood lymphocytes and blocks
activation and proliferation of these cells in vitro (21, 24).
However, Stx1 does not affect all subpopulations equally but
mainly blocks proliferation of CD217" B cells and CD8™" T cells
(24).
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Approximately 10 to 15% of the cells in the bovine intestinal
epithelium are intraepithelial lymphocytes (IEL), and the ma-
jority of those belong to the CD8" subset (C. Menge, unpub-
lished data). IEL are located between the epithelial cells ad-
jacent to the basement membrane and are the only lymphocyte
population situated so close to Stxs in the entire body (27).
Given that bovine IEL resemble blood-derived lymphocytes
with regard to Stx receptor expression and susceptibility to
Stx1, we hypothesized that Stx1 modulates intestinal inflam-
mation by acting directly on Gb5/CD77" IEL. In a first attempt
to prove this hypothesis, we obtained IEL from the intestines
of adult cattle and characterized them phenotypically ex vivo
and functionally after incubation in the presence and absence
of purified Stx1 in vitro.

MATERIALS AND METHODS

Protein purification. Stxl was produced from bovine STECI strain 2403
(rough, H™ [47]) and purified by a procedure described previously (24). At the
cnd of the purification process, toxin preparations were passed through Detoxi-
Gel columns (Picrce, Old-Beijerland, The Netherlands) to reduce contamination
with endotoxin. Cytotoxic activities of toxin preparations were determined on
Vero cells (ATCC CRL 1587) by the method of Gentry and Dalrymple (9) with
minor modifications (24). Cellular metabolic activity was assessed by a 3-(4.5-
dimethyl-thiazol-2-y1)-2.5-diphenyltetrazolium bromide reduction ass
scribed previously (22, 24). The 509 cytotoxic dose (CDsg) was calculated from
dose-response curves geometrically as the reciprocal of the toxin dilution causing
a 50% reduction in cellular metabolic activity. The Stx1 preparation contained

as de-

50,000 CDsgs of Stxl and 0.17 ng of endotoxin per ml, as determined by the
Limulus amoebocyte lysate assay. Recombinant StxB1 (rStxBl) was purified
from E. coli DHSa(pSUL08) (42) by the method of Nicbuhr (29) with slight
modifications (37). The rStxB1 preparation used in the present study contained
411 pg of rStxBl/ml.

Preparation and stimulation of bovine ileal IEL (ilEL). Gut specimens (distal
ileum) were obtained from healthy adult (>24-month-old) cows (German black
picd) slaughtered at the local slaughterhouse. Digesta were removed by washing
with tap water. After incubation with phosphate-buttered saline (PBS) supple-
mented with 1 mM dithiothreitol at 37°C and 100 rpm for 25 min, the specimens
were cut into strips (width, 0.5 to 1 em). The strips were then transferred to 50-ml
centrifugation tubes filled with 35 ml of PBS-EDTA-AB solution (PBS supple-
mented with 2 mM EDTA, 100 IU of penicillin/ml, 100 wg of streptomycin/ml,
and 50 g of gentamicin/ml) and incubated (at 37°C and 100 rpm for 20 min).
After vortexing (for 2 min at maximum speed), the liquid contents of the tubes
were passed through nylon wool. Cells were collected by centrifugation (at 250 X
g for 8 min), resuspended in 25 ml of Percoll solution (density adjusted to 1.0500
g/ml with PBS-EDTA [PBS supplemented with 5.4 mM EDTA]: Biochrom,
Berlin, Germany), and layered onto 10 ml of Percoll solution (density adjusted to
1.0816 g/ml) in a 50-ml centrifugation tube. The gradient was covered with 15 ml
of Leibowitz L15 medium. After centrifugation (at 652 X g for 20 min), cells were
recovered from the Percoll-Percoll interface, washed twice with PBS-EDTA

Vel

solution (at 202 X g for 7 min), and resuspended at 5 X 10° cells/m! in modified
cell culture medium (IEL medium, containing 8% RPMI 1640 [Biochrom], 10%
fetal calf serum [Life Technologies GmbH. Karlsruhe, Germany], 100 U of
penicillin/ml-100 pg of streptomycin/ml [Life Technologies GmbH], and 3 pM
mercaptocthanol [Fluka, Taufkirchen, Germany]).

For stimulation assays, 2.5 % 10° IEL/150 ul of TEL medium were plated in
triplicate onto 96-well flat-bottom microtiter plates (Nunc, Wiesbaden, Ger-
many). The medium was additionally supplemented with recombinant human
interleukin-2 (rhull-2) (200 IU/ml; Kindly provided by H. Jomaa, Institute for
Biochemistry, Academic Hospital Centre, Giessen, Germany) with or without
purified Stx1 (24) at 200 CDsgs/ml, and for neutralization studies the latter was
preincubated (for 90 min at room temperature) with purified anti-StxB1 (41)
(monoclonal antibody 13C4; 1.5 pg of immunoglobulin per ml). Previous exper-
iments had shown that this concentration of antibody is sufficient to completely
neutralize the biological activity of at least 200 CDsys/ml in the Vero cell assay
(21, 24). For IEL stimulation, the medium was supplemented with nine different
combinations (see Fig. 3) of commonly used mitogens with different modes of
action (all purchased from Sigma, Taufkirchen, Germany): concanavalin A (final
concentration, 2.5 wg/ml), phytohemagglutinin P (PHA-P: 2.5 pg/ml), pokeweed
mitogen (2.5 pg/ml), phorbol-12-myristate-13-acetate (PMA: 5 and 20 ng/ml),
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and ionomycein (500 ng/ml). The plates were incubated for 72 h at 37°C under
CO, at 95% humidity. Blast cell transformation of lymphocytes was quantified by
flow cytometry according to the cells” light scatter characteristics by acquiring
5,000 events as described previously (22).

Immunophenotyping studies. Immediately after preparation or at the end of
the cultivation period, IEL were thoroughly resuspended and transterred to
V-shaped microtiter plates (Greiner. Frickenhausen, Germany) for immunola-
beling as described previously (22, 25). Briefly, the cells were centrifuged (at 137
% g and 4°C for 7 min) and resuspended in 50 pl of cell culture medium as a
negative control or with supernatants or diluted ascites fluid of hybridoma cell
lines. Antibodies kindly provided by J. Naessens (International Livestock Re-
search Institute [ILRI], Nairobi, Kenya) were as follows: IL-All (specific for
bovine CD4), IL-A57 (CD6), IL-A105 (CD8a). IL-A65 (CD21), IL-Alll
(CD25). IL-A118 (CD44), 1L-A77 (CD71), IL-A30 (surface immunoglobulin M
[TgM]), T11 (major histocompatibility complex class 1I), TL-A29 (WCI), and
IL-A9 (WC9). Antibodies purchased from VMRD (Pullman, Wash.) were
MMIA (specific for CD3)., BAT82A (CDS8p), CACT6IA (TcRI-N12),
CACTBOA (TcRI-N6), CACTB8IA (TcRI-N7), and CACT26A (ACT-2). Al-
ternatively, the cells were resuspended with 25 pl of rat IgM (1 mg/ml; dilution,
1:50 in PBS; Camon, Wiesbaden, Germany) as a negative control or with an
anti-human CD77 antibody (clone 38.13; dilution, 1:10 in PBS; Beckman-
Coulter, Krefeld, Germany). Cells were incubated on ice for 20 min, washed once
with PBS supplemented with 1% bovine serum albumin and 0.01% sodium azide
(BSA-azide), resuspended with either 50 pl of an anti-mouse y-chain antibody
conjugated with fluorescein isothiocyanate (dilution, 1:100 in PBS; Medac, Ham-
burg. Germany) or an anti-rat w-chain antibody conjugated with R-phycoerythrin
(R-PE) (diluted 1:200 in PBS containing 2 pg of propidium iodide |PL; Sigmal/
ml; Beckman-Coulter), and kept on ice for 20 min. In double-staining experi-
ments, cells were incubated with anti-CD77 and an anti-rat p-chain antibody
conjugated with PE (Beckman-Coulter) after the staining procedure described
above. Finally, the cells were washed twice and analyzed with an EPICS ELITE
Analyser (Beckman-Coulter). A total of 5,000 events were acquired from each
sample. Data analysis was performed with the ELITE (version 4.01) software
provided by the manufacturer. Electronic gates were set according to the nega-

tive control included in each test series, defining less than 2% of the cells as
positive. When freshly prepared i1EL wer ed, a region wa around a
dense population of events with indistinguishable light scatter characteristics.
Similarly, when cultured {IEL were investigated, two populations of non-blast
cells and enlarged blast cells defined according to their light scatter char-
acteristics as described previously (22, 23) and were analyzed separately.
rStxB1 binding studies. For binding studies, cells were sequentially incubated
with 50 pl of rStxB1 (30 pg/ml) for 30 min on ice (37). washed once with
BSA-azide, resuspended in 50 pl of anti-StxB1 (45 pg/ml), incubated for 30 min
on ice, washed, resuspended in 50 ! of an anti-mouse y-chain antibody conju-
gated with fluorescein isothiocyanate (Dianova, Hamburg, Germany), incubated
for 30 min on ice, washed twice, and analyzed by flow cytomelry as described

above. In some instances, cells were additionally immunolabeled as described
above, with the primary antibodies from ILRI wsed in biotinylated form and
detection carried out with PE-conjugated streptavidin (Dianova). A supernatant
of a hybridoma cell line producing an irrelevant antibody was used between the
staining steps to block nonspecific binding.

Quantitation of natural killer cell activity of bovine ilEL. Cells from a ho-
mologous B lymphoma cell line (BL-3;: ECACC 86962401) were used as target
cells. Cells were maintained in a medium (BL-3 medium) consisting of 56%
RPMI 1640 (Biochrom), 23% Leibowitz L15 medium, 20% fetal calf serum, 100
IU of penicillin/ml, and 100 pg of streptomycin/ml (all purchased from Life
Technologies), and 3 pM 2-mercaptocthanol (Fluka). To differentiate between
target and effector cells, 10° BL-3 cells were stained with 25 pg of 3,3'-diocta-
decyloxacarbocyaninperchlorate (DIO; Molecular Probes, Leiden, The Nether-
lands) in 2 ml of the medium at 37°C (for 4 h at 100 rpm). The cells were washed
twice with PBS and incubated in the medium at 37°C under 5% CO, and 95%
humidity overnight. Prior to addition of the cells to the test mixture, the washing

step was repeated twice and cells were resuspended in 2 ml of BL-3 medium.
Freshly prepared effector cells (iIEL) were incubated in the presence or
absence of Stxl (200 CDsgs/ml) with or without anti-StxB1 (1.5 pg/ml) at a
density of 2.5 % 103150 pl of IEL medium in 6-well multiwell plates (5 to 10 ml
per well) for 24 h at 37°C under 5% CO, and o humidity. Anti-5txB1 (final

concentration, 1.5 pg/ml) was then added to wells supplemented only with Stx1.

After an additional incubation period of 2 h, IEL were then harvested and plated
onto 96-well flat bottom microtiter plates in triplicate in threefold dilution series
starting with 10¢ cells/well in 200 pl of IEL medium. A total of 10% BL-3 cells
(stained with DiO as mentioned above) were added to cach well, resulting in
cffcctor/target ratios of 100:1, 33:1, 11:1, 3.6:1, and 1.2:1. Target cell controls

186



6. Vorgelegte Veroffentlichungen

1898 MENGE ET AL.

INFECT. IMMUN.

216| 83 - 28.3|12.6
107 N )
™ 5 I"
a 6 ;
O - 2
— - 188|102
: 14.4 3 "E' )
oo
) ; © -
O 5 D
: O
. 27| 15
e . é 13.1 2 14.6
‘_ —
O - g ’
< - O
l—
- LTI o) :-;; !

>

CD77

FIG. 1. Flow cytometer dot plots illustrating Gby/CD77 expression by bovine ilEL subpopulations ex vivo. IEL were prepared from the ileum
of an adult animal at slaughter and were subsequently double labeled with anti-CD77 and subpopulation-identifying monoclonal antibodies. Dot
plots depict cells of the lymphocyte region in the forward- versus side-scatter plot from a single representative of six experiments. Percentages of
cells positive for one or both of the antigens are given in the upper right corners of the dot plots.

without effector cells were included. After incubation for 18 h (at 37°C under
CO,), cells were analyzed by flow cytometry, as described above. Samples were
measured in PBS containing 2 wg of PI/ml. The ratio ot dead (Pl-positive) to
viable (Pl-negative) target cells was calculated after gating on 2,500 target cells
according to their FL1 (DiO) signal. Natural killer cell activity was determined
as the difference between the mean percentages of lysed target cells in test and
control samples.

Preparation of mRNAs from bovine ilEL. A total of 3.75 x 107 freshly pre-
pared IEL in 15 ml of IEL medium (with the fetal calf serum concentration
raised 10 20%) were plated onto 10-cm-diameter petri dishes. The medivm was
supplemented with 2.5 pg of PHA-P/ml. Cells were incubated for 4.5 h at 37°C
5% COj in the presence or absence of purified Stx1 (200 CDs,s/ml). Cells
were then harvested and counted by trypan blue exclusion. A total of 107 viable

under

cells from ecach treatment were washed twice with ice-cold PBS and finally
resuspended in 2 ml of RNAzol (Wak-Chemie, Steinbach, Germany). Samples
were stored at —80°C for as long as 3 days until isolation of RNA.

After thawing, samples were intensively mixed with 200 wl of chloroform,
incubated on ice for 5 min, and centrifuged (at 12,000 X g and 4°C for 15 min).
The upper clear phase was recovered, mixed with the same volume of isopropa-
gation (at 12,000 X g and 4°C
cthanol, air dried, and resus-

nol, and incubated on ice for 15 min. After centr
for 15 min). pellets were washed twice in 7:

pended in diethyl pyrocarbonate-treated distilled water. The nucleic acid content

was estimated spectrophotometrically. The quality of isolated RNA was checked
by gel electrophoresis.

Reverse transcription. cDNA was obtained from RNA by reverse transcription
of 1 pg of RNA per sample by using 200 U of Moloney murine leukemia virus
reverse transcriptase (H™) (Promega, Mannheim, Germany) and (.1 nmol of
oligo(dT)y6 primers (Applied Biosystems, Darmstadt, Germany) in a 40-pl re-
action volume according to the manufacturer’s instructions. After annealing at
70°C for 5 min, the reaction was performed at 37°C for 60 min, followed by 94°C
for 2 min. Negative controls were performed without Moloney murine leukemia
virus reverse transeriptase (H7).

Quantitation of cytokine-specific mRNA from bovine ilEL. Cytokine-specific
PCR was performed in a 20-pl reaction volume including 1 U of AmpliTaq
polymerase (Applied Biosystems), 1 M concentrations of each primer. and 1 pl
of ¢cDNA template. Previously published cytokine primers (11, 26) were used
with minor modifications: for IL-2, 5*-TCT TGC ATT GCA CTA ACT CT-3'
(sense) and 5'-GCT TTG ACA AAA GGT AAT CC-3' (antisensc): for 1L-4,
S-GCCACT TCG TCC ATG GAC AC-3' (sense) and 5'-TCC CAA GAG GTC
TCT CAG CG-3' (antisense); for IL-8, 5'-GCA GTT CTG TCA AGA ATG
AG-3' (sense) and 5'-GGA TCT TGC TTC TCA GCT C-3' (antisense); for
IL-10, 5*-TGT TGC CTG GTC TTC CTG-3' (sense) and 5'-TCT CTT CAC
CTG CTC CAC-3' (antisense): for gamma interferon (IFN-y). 5'-GCT TTA
CTG CTC TGT GTG CT-3" (sense) and 5'-GAC TTC TCT TCC GCT TTC
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TABLE 1. Gby/CD77 expression by bovine iIEL subpopulations
ex vivo

Surface antigen - .
S % of cells coexpressing
defining S

~ Ty
subpopulation ChsCRI

Fluorescence intensity for
Gb;/CD77 expression”

CD44 233 (16.5-32.1) 2,52 (1.97-3.24)
CD3 223 (14.0-37.5) 2.67 (1.08-6.07)
D4 20.0 (9.8-28.2) 1.53 (0.61-6.85)
CDS8a 38.7 (23.7-52.7) 3.28 (2.33-4.24)
CDSp 18.2 (10.6-31.3) 2.84 (1.53-5.04)
TcRI-N7 47.8 (25.9-91.7) 5.30 (0.81-10.0)
WCl 43.9 (15.4-70.0) 4.58 (0.60-11.9)
WC9 210 (11.5-36.7) 2.17 (0.72-6.45)
D21 30.2 (0.0-50.0) 1.00 (0.70-1.36)
Surface IgM 16.9 (12.5-27.8) 0.89 (0.40-1.27)
MHC-1I” 28.4 (20.8-48.1) 1.50 (0.93-1.96)
D25 25.8 (0.0-46.7) 240 (0.60-8.87)
ACT-2 293 (17.2-47.2) 3.78 (1.64-5.98)

“ Values are means (ranges) from 4 to 12 determinations with 2 to 6 iIEL
plq).lldllmh Fluorescence intensity is expressed in arbitrary units.
P MHC-II, major histocompatibility complex class I1.

TG-3" (antisense); and for glyeeraldehyde-3-phosphate  dehydrogenase
(GAPDH), 5'-ATC ACT GCC ACC CAG-3' (sense) and 5'-CAT GCC AGT
GAG CTT-3" (antiscnse). GAPDH was used as control for constitutive gene
expression. The amplification reaction was carried out for a total of 35 cycles as
follows: 94°C for 30 s, 55°C for 30 s, and 72°C for 90 s, with a precycle of 94°C
for 15 s and postextension at 72°C for 5 min. PCR products were separated by
clectrophoresis on a 1.75% agarose gel and stained with ethidium bromide.
Densitometry values for cytokine signals were evaluated with EasyWin 32 soft-
ware (Herolab, Wiesloch, Germany) and normalized to those for GAPDH.

Quantitation of the migratory activity of bovine granulocytes. Neutrophil
migration was assayed by the method of Galligan and Coomber (8) with some
modifications. Transwell inserts with 3-pm pores (diameter, 12 mm: Corning
Costar, Badhoevedorp, The Netherlands) were used in 12-well multiwell plates
(Corning Costar), thus producing a two-chambered system. Neutrophils were
separated from whole blood by density gradient centrifugation using Ficoll-
Hypaque (Amersham Biosciences, Freiburg, Germany). After that, cells were
resuspended in 2 ml of IEL medium. The purity of each fraction was assessed by
flow cytometry. Only fractions with a pulil\. higher than 90% were pooled.
Purificd neutrophils were diluted to § % 10% cells 0.5 m1~" in IEL medium and
were added to the top well. At the same time, 1.5 ml of an agonist was added to
the bottom well. Agonists were supernatants of bovine ilEL preparations, which
were incubated in either IEL medium alone, IEL medium plus Stxl (200 CDsgs/
ml), or IEL medium plus Stx1 (200 CDsys/ml) and anti-StxB1 (1.5 pg/ml). Filter
plates were incubated at 37°C under 5% CO, and 95% humidity for 2 h. Fluids
of top and bottom wells were resuspended. A suspension of counting beads
(Fluoresbrite Calibration Grade 3.0 Micron YG Microspheres; Polysciences,
Eppelheim, Germany) was added, and neutrophils were then quantitated by fow
cytometry.

Statistical analysis. After log,, transformation, data were analyzed statistically
by one-way repeated-measures analysis of variance followed by the Student-
Newman-Keuls test using SigmaStat (version 2.03) software (SPSS Inc., Chicago,
Ill.). Results were evaluated as highly significant (P = 0.001), significant (P =
0.01), weakly significant (£ = 0.05), or not significant (P > 0.03).

RESULTS

Stx receptor expression by bovine ilEL. When analyzed by
flow cytometry after preparation from intestinal specimens,
149 = 1.96% of illEL (mean * standard error of the mean
[SEM] from 12 determinations with 6 ilEL preparations)
stained with anti-CD77, but the intensity of anti-CD77 staining
differed among different ilEL subpopulations ex vivo (Fig. 1
and Table 1). The majority of cells expressing high levels of the
Gb,/CD77 antigen (estimated from the mean fluorescence in-
tensity of the cells) were activated mature T cells expressing
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CD3, CD6, ACT-2, and CD8a. A high level of Gb,/CD77
expression was also found on CD8B™ cells and subpopulations
of v8 T cells (WCI1, TcR1-N7). Although mean fluorescence
intensities for Gb,/CD77 expression were different for ilEL
prepared from different intestinal specimens (i.e., different do-
nor animals), CD4 " T cells and B cells (CD21"; surface IgM™")
consistently expressed only low numbers of Gbs/CD77 mole-
cules on their surfaces. The notion of a differential Gb;/CD77
expression was supported by the calculation of the percentage
of Gby/CD777 cells within a given subpopulation of ilEL (Ta-
ble 1). While more than 40% of ilEL belonging to v& T-cell
subpopulations (TcR1-N7*, WC1™) expressed Gb,/CD77 ex
vivo, only 20.0% of CD4" {IEL were Gb,/CD77". The calcu-
lation also revealed further differences within certain subpopu-
lations, since 30.2% of CD21" B cells coexpressed Gb,/CD77
ex vivo but only 16.9% of cells positive for surface IgM were
Gb,/CD77 positive. Moreover, 38.7% of CD8a™ T cells coex-
pressed Gbs/CD77 as opposed to 18.2% of the CD8R " T cells.
Gb,/CD77 was only partially coexpressed with the activation
markers CD25 and ACT-2.

Binding studies with rStxB1 (the subunit responsible for
receptor binding of the holotoxin) showed that 7.9% (mean
from 10 determinations with 5 iIEL preparations; range, 5.7 to
11.5%) of the ilEL ex vivo bound the protein. In particular,
rStxB1 bound to CD8a ™ ilEL and to ilEL coexpressing TcR1-
N12, a pan-yd T-cell marker in cattle (Fig. 2). Double-staining
experiments with rStxB1 and anti-CD77 at limiting concentra-
tions that avoided complete masking of Gby/CD77 by one of
the ligands (37) showed that the populations of ilEL that
bound these two ligands overlapped but were not identical.
Although double-positive cells were detected (Fig. 2, right), a
significant number of cells bound only one of the ligands.

Effect of Stx1 on lymphoblast transformation and natural
killer cell activity in bovine ilEL cultures. Although ilEL gen-
erally respond poorly to mitogenic stimulation in vitro (27),
detectable levels of blast cell transformation were induced in
bovine ilEL cultures by applying a number of difterent stimuli
alone or in combination. The percentage of blast cells in ilEL
cultures incubated with Stx1 for 72 h was reduced (40 to 70%
depending on the stimulus) compared to that with the respec-
tive mitogen control (Fig. 3). The presence of the anti-StxB1
monoclonal antibody 13C4 partially neutralized the effect of
Stx1 on the average proliferative response of five ilEL prepa-
rations under seven out of nine conditions tested. Stx1 reduced
the percentage of blast cells within all subpopulations identi-
fied to similar extents (Fig. 4). Individual differences between
the ilEL preparations from different donors occurred, but Stx1
significantly reduced the percentage of Gb,/CD77-expressing
blast cells, and this effect was completely neutralized by pre-
incubation with anti-StxB1. Although Gb,/CD77 was expressed
mainly by cells with an activated morphology, i.e., blast cells,
Stx1 also affected the percentage of Gb,/CD77" cells within
the non-blast cell population. The cellular distribution of Gb,/
CD77 on the ilEL further stimulated in vitro was strikingly
different from that observed ex vivo (Table 2). Following in-
cubation, comparable portions of CD8«™ and CDSp* ilEL
coexpressed Gby/CD77. Furthermore, the highest percentage
of cells coexpressing Gb;/CD77 could now be detected within
the CD4" and CD21" subpopulation. Pretreatment with Stx1
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FIG. 2. Abilities of bovine ilEL subpopulations to bind rStxB1 ex vivo. IEL were prepared from the ileum of an adult animal at slaughter and
subsequently double labeled with rStxB1 and subpopulation-identifying monoclonal antibodies. Each flow cytometer dot plot shows results for
lymphocytes from a single experiment representative of five experiments. Percentages of cells positive for one or both of the antigens are given

in the upper right corners of the dot plots.

did not affect the ability of ilEL to exert natural killer cell
activity against a homologous lymphoma cell line (Fig. 5).
Effect of Stxl on cytokine expression in bovine ilEL cul-
tures. ilEL preparations obtained from different donors
showed different levels of cytokine gene expression and difter-
ent effects of Stx1 (Fig. 6). Stx1 reduced the IL-2 and IFN-y
signals in some preparations, but the expression of these TH1-
type cytokines was unaffected or even slightly enhanced in
other preparations. 1L-10-specific mRNA was undetectable in
four preparations, and Stx1 did not consistently affect its ex-

PHA-P (5 ng/ml) + lonomycin (500 ng/ml)
PWM (2.5 ng/ml) + lonomycin (500 ng/ml)
ConA (2.5 ng/ml) + lonomycin (500 ng/ml)
PHA-P (2.5 ug/ml) + PMA (20 ng/ml)
PWM (2.5 pg/ml) + PMA (20 ng/ml)

PMA (5 ng/ml) + lonomycin (500 ng/mi)
PHA-P (2.5 ug/ml)

PWM (2.5 pg/ml)

ConA (2.5 pg/ml)

pression in the remaining two preparations. In contrast, Stxl
enhanced the expression of IL-4 in all of the four iIEL prep-
arations in which IL-4-specific mRNA was detectable (four of
six preparations). In addition, treatment with Stx1 for 4.5 h
reduced the amount of IL-8-specific mRNA in all of the ilEL
preparations investigated. The migration of bovine granulo-
cytes through a filter membrane toward the supernatants ob-
tained from two Stx1-treated ilEL cultures did not differ from
that of supernatants of controls treated with Stx1 plus anti-
StxB1 (data not shown).

0 10
% blast cells (relative to mitogen control)

20 30 40 50 80 70 80

FIG. 3. Effect of purified Stx1 on transformation and proliferation of bovine ilEL subpopulations in vitro. Cells were incubated with purified
Stx1 (200 CDsgs/ml; quantified on Vero cells as described in Materials and Methods) at 37°C for 72 h either in the absence (solid bars) or in the

presence (striped bars) of 1.5 pg of the anti-StxB1 monoclonal antibody 13C4/ml. Culture medium was supplemented with rhulL-2 (200 U/ml) and
different stimuli as indicated. Lymphocytes that were transformed to blast cells were identified by flow cytometry according to their light scatter
characteristics and quantified by acquiring 5,000 events in total. Data analysis was performed by calculating the percentage of viable (PI-negative)
cells belonging to the blast cell population in relation to a mitogen control (i.e., cells that were incubated in the absence of Six1 and anti-StxB1).
Data are arithmetic means + SEMs from 15 determinations with 5 IEL preparations. PWM, pokeweed mitogen; ConA, concanavalin A.
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FIG. 4. Effect of purified Stx1 on transformation and proliferation of bovine ilEL subpopulations in vitro. Cells were incubated with purified
Stx1 (200 CDsgs/ml; quantified on Vero cells as described in Materials and Methods) at 37°C for 72 h either in the absence (solid bars) or in the
presence (striped bars) of 1.5 pg of the anti-StxB1 13C4 monoclonal antibody/ml. Cells that were incubated in the absence of Stx1 and anti-StxB1
were included as controls (open bars). The culture medium was supplemented with rhulL-2 (200 U/ml) and PHA-P (2.5 pg/ml). Lymphocyte
subpopulations were identified by immunophenotyping and quantified by flow cytometry acquiring 5,000 events in total. Data analysis was
performed by using the software provided with the instrument to calculate the percentages of viable (PI-negative) and antigen-positive blast cells
among all cells in culture. Data are geometric means and dispersion factors from 6 to 8 determinations with 4 IEL preparations (and from 56

determinations with 4 IEL preparations in the case of CD77). Statistical significance was obtained after log,, transformation by one-way
repeated-measures analysis of variance followed by the Student-Newman-Keuls test. Horizontal brackets indicate bars that are different (*, P =

0.05

P = 0.01).

DISCUSSION

Some STEC strains are able to induce intestinal inflamma-
tion in infected humans. Neutrophils attracted and activated by
Stxs may contribute to the pathogenesis of HC (18), and it has
been further suggested that intestinal T cells are activated in
the course of human STEC infections (15). In contrast, intes-
tinal STEC infections in bovines do not induce inflammatory
signs. These differences might be partially explained by the
absence of functional Stx receptors on the surfaces of bovine
granulocytes (C. Menge, T. Eisenberg, 1. Stamm, and G.
Baljer, Abstr. Sth Int. Symp. Shiga Toxin [Verocytotoxin]-Pro-
ducing Escherichia coli Infect. 2003, abstr. O-11, p. 22, 2003).
Another possible explanation is that Stx receptors are ex-
pressed on bovine T cells but not on human T cells (37). The
observation that Stxl suppresses bovine peripheral blood
mononuclear cell (PBMC) functions (24) led us to hypothesize
that by secreting Stx, STEC is able to limit the activation of

intraepithelial T cells in cattle. This could explain both the
persistence of bovine STEC infections and the absence of
inflammation. Consistent with this hypothesis, the present
study showed that bovine ilEL from adult animals express the
Stx receptor ex vivo and are sensitive to purified Stx1 in vitro.
The terminal rectum had recently been reported as the prin-
cipal site of STEC O157:H7 colonization in the bovine host
(28), but colonization of the ileum, cecum, and colon was
shown to occur in calves infected with E. coli O157:H7 (5. 12),
and non-O157 enterohemorrhagic E. coli apparently does not
share a tropism for the terminal rectum (28, 39). The high
similarity among the patterns of expression of cell surface
molecules, including Gb;/CD77, by IEL obtained from ileal,
colonic, or cecal sites (Menge, unpublished) suggests that sen-
sitivity to Stx1 is widely distributed among IEL of the intestinal
tract in cattle.

CD77 expression was detected on the surfaces of all ilEL
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TABLE 2. In vitro effect of Six1 on the percentage of bovine ilEL subpopulations coexpressing Gb,/CD777

Surface antigen

% of cells® coexpressing Gby/CD77 after incubation (72 h) in the presence of:

defining Morphology of cells?

subpopulation Mitogen only Stxl Stxl + anti-StxB1
CD4 Blast cells 733 = 10.5 71.1 £ 9.7 85.7 =57
Non-blastcells 50.7 £ 10.9 42,1 £ 10.1 68.0 £9.6
CD8« Blast cells 388 £7.2 343x50 39.0 £5.7
Non-blastcells 182 £ 4.6 10.1 = 1.4 183 £3.0
CDS8p Blast cells 38.6 £6.3 20433 394 =45
Non-blastcells 169 =39 10.1 £ 1.5 19.1 £32
CD21 Blast cells 98.2 £ 1.8 875125 100.0 = 0.0
Non-blastcells 65.0 £8.1 745 £ 84 87.1 £ 84
WCl1 Blast cells 60.8 £9.3 45.0 £ 13.5 525+ 11.2
Non-blastcells 31.7+£6.2 288 = 7.6 68.5 £ 119
TcRI1-N7 Blast cells 49.6 £ 8.3 240x 73 48.1 =94
Non-blastcells 384 7.1 248 =48 53.8 £9.6
ACT-2 Blast cells 33378 9.6 =24 48.1 = 4.7
Non-blastcells 169 = 4.6 4.4+ 0.8 156 = 3.1

“IIEL were incubated for 72 h with PHA-P (2.5 pg/ml) and rhulL-2 (200 U/ml).
? Populations of blast cells and non-blast cells were defined by their light scatter characteristics, with blast cells representing cells with increased size compared to

quiescent non-blast cells.

¢ Values are means = SEMs from cight determinations with IEL preparations from four animals.

subpopulations, including «f and vyd T cells, that were ana-
lyzed directly ex vivo. It was recently confirmed by biochemical
analysis that the antigen on bovine lymphocytes recognized by
an anti-human CD77 antibody belongs to the Gb, family (23).
Gb; molecules share the carbohydrate moiety that serves as
the Stx binding site in human Stx receptors (19). However,

50-
401

30+

% target cell lysis

0_

1.2:1 3.6:1 11:1 33:1 100:1

FIG. 5. Effect of purified Stx1 on natural killer cell activity of bo-
vine ilEL in vitro. iIEL were incubated with purified Stx1 (200 CDsgs/
ml; quantified on Vero cells as described in Materials and Methods) at
37°C either in the absence (solid bars) or in the presence (striped bars)
of 1.5 pg of the anti-StxB1 monoclonal antibody 13C4/ml. Cells that
were incubated in the absence of Stx1 and anti-StxB1 were included as
controls (open bars). The culture medium was supplemented with
rhulL-2 (200 U/ml). Upon 24 h of incubation, homologous dye-labeled
lymphoma cells (BL-3) were added to the cultures for an additional
18 h. The percentage of target cell lysis was quantified by flow cytom-
etry. By live-gating, 2,500 events identified as target cells by their FL-1
fluorescence were acquired and analyzed with regard to their mem-
brane integrity (PI uptake). Data are arithmetic means + SEMs from
15 determinations with 5 IEL preparations.

double-labeling studies with anti-CD77 and rStxB1 identified
three distinct population of cells. One population clearly
stained with both of the ligands; the other two populations
bound only rStxB1 or anti-CD77. Although corresponding ex-
periments utilizing the Stxl holotoxin have not been per-
formed yet, bovine ilEL resemble their PBMC counterparts in
expressing different isoforms of Gb,/CD77 with different affin-
ities for the two ligands (37). Resting PBMCs predominantly
express Gby isoforms with high affinity for rStxB1, but upon
activation these cells synthesize Gb; molecules with a prefer-
ence for anti-CD77. This shift in affinity comes along with an
increase in the percentage of Gb, molecules that have incor-
porated long-chain fatty acids (23), a feature known to lower
the affinity of Stx receptors for the holotoxin (30). Expression
of anti-CD77 binding Gb; isoforms by bovine ilEL suggests,
therefore, that the cells display an activated state. Waters et al.
(45) defined an activated phenotype of bovine IEL by the
expression of the null cell and CD8" T-cell activation marker
ACT-2. ACT-2 was expressed by 42.8% (mean from 12 deter-
minations with 6 ilEL preparations; range, 28.4 to 61.2%) of
the ilEL in the present study. However, Gb,/CD77 expression
did not correlate closely with the expression of activation
markers (Table 1). Gb;/CD77 was found mainly on the TeR1-
N7" and WC1" subsets of v8 T cells as well as on CD8a " cells.
Detailed analysis of the IEL subsets further revealed that
CD8a is coexpressed by 31.8% (mean from nine determina-
tions with five ilEL preparations; range, 22.5 to 48.1%) of
TcRI1-NI12" cells (pan-yd T cells), while only 18.3% (range, 7.3
to 38.9%) of TcRI-N12" cells coexpress CD8B. Hence,
CD8aa homodimer-positive y& T cells—as identified by Wyatt
ctal. (48)—and probably other CD8a " IEL represent the ilEL
subpopulation with the highest proportion of Gb,/CD77" cells
in cattle. In mice and humans, CD8aB " o T IEL are consid-
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FIG. 6. Effects of purified Stx1 on cytokine gene expression by bovine il EL in vitro. ilEL were incubated in the absence and presence of purified
Stx1 (200 CDsgs/ml; quantified on Vero cells as described in Materials and Methods) at 37°C. The culture medium was supplemented with PHA-P
(2.5 pg/ml). Upon 4.5 h of incubation, mRNA was harvested from the cells and subjected to semiquantitative reverse transcription-PCR. Each
value is the band intensity of the specific PCR product expressed as a percentage of the GAPDH signal obtained from the same sample. Each

symbol represents results for a particular IEL preparation.

ered to lyse infected cells, while v& T IEL (and perhaps
CD8xa™ a«f T IEL) may stimulate renewal of the epithelial
layer. Although the information available on the function of
bovine IEL is very limited, it is tempting to speculate that, by
affecting this type of cell, STEC is able to interfere with the
local immune response as well as with epithelial-cell turnover.
In fact, both aspects of intestinal barrier homeostasis have
previously been linked to the persistent character of STEC
infections in ruminants (20; M. Hoffman, T. Casey, and B.
Bosworth, Abstr. 3rd Int. Symp. Workshop Shiga Toxin (Vero-
cytotoxin)-Producing Escherichia coli Infect. 1997, abstr. V67/
VIIIL, p. 117, 1997).

Comparable to what is seen with PBMCs (24), the addition
of Stx1 to ilEL cultures from several donors reduced the av-
erage proliferative response to several mitogenic stimuli. This
effect of Stx1 was partially prevented by preincubation of the
toxin with anti-StxB1. However, the addition of anti-StxB1
seemed to have had an adverse effect when the cells were
stimulated with PHA-P plus PMA or with pokeweed mitogen
plus PMA. One possible explanation, based on previous find-

ings (37), is that anti-StxB1 at low antigen-to-antibody ratios
ameliorates rather than prevents the binding of rStxB1 to bo-
vine lymphocytes. In contrast to the differential expression
pattern of Gb,/CD77 by ilEL subpopulations ex vivo, Stxl
affected all subpopulations of cultured iIEL similarly and, in
particular, reduced the percentage of Gb;/CD77" cells. Cal-
culation of the percentages of Gb;/CD77" cells within the
different subpopulations after 72 h of culture showed that high
percentages of CD4" and CD21™" cells now coexpressed Gba/
CD77, suggesting that each type of mucosal lymphocyte is
capable of expressing functional Stx1 receptors in principle.
When we quantified the mRNAs specific for TH1 or TH2
prototype cytokines in ilEL after 4.5 h of treatment, Stx1 was
found to induce a prominent increase in IL-4-specific mRNA
levels in four out of six ilEL preparations examined. Previous
investigations of peripheral lymphocytes from cattle showed
that IL-4 is solely produced by CD4% cells with a CD45RO™
memory phenotype (36), while activated yd T cells primarily
secrete IFN-y (1). The proliferation experiments in this study
showed that Stxl is able to affect CD4™" cells at least upon
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stimulation in vitro, despite the low level of Gb,/CD77 expres-
sion on the surfaces of these cells ex vivo. Recently, several
apoptosis-inducing toxins that, like Stx1, belong to the ribo-
some-inactivating proteins were found to stimulate intracellu-
lar IL-4 expression in human PBMCs (38). Although the pro-
liferation-inhibiting effect of Stxl1 on bovine ilEL is not
accompanied by a significant increase in the number of apo-
ptotic cells (data not shown), we cannot rule out the possibility
that induction of IL-4 in bovine ilEL cultures by Stx1 results
from the onset of apoptosis in one or several lymphocyte sub-
populations. 1L-4 represents a highly attractive target for fu-
ture investigations, because it is able to retard granulocyte
migration into and across human intestinal epithelial cell
monolayers (3). IEL-regulated granulocyte migration at mu-
cosal sites is part of the local immune response against colo-
nizing bacteria (43), and Stxl-induced IL-4 tfrom IEL might
thus prevent STEC microcolonies from being attacked by gran-
ulocytes in situ. Strikingly, Stx1 also acts directly on
Gb,/CD77" bovine colonic epithelial cells and causes a reduc-
tion in the release of chemoattractive signals by the epithelial
cells (Menge et al., Abstr. Sth Int. Symp. Shiga Toxin-Produc-
ing E. coli Infect.). Stx1-treated iIEL examined in the present
study also showed reduced levels of IL-8-specific mRNA syn-
thesis. However, 1IL-8 is only one of numerous chemokines
discovered thus far. The observation that supernatants of Stx1-
treated ilEL cultures did not consistently contain reduced che-
motactic activities led us to hypothesize that Stx1 differentially
influences inflammatory signals in the intestinal barrier rather
than generally downregulating them.

The intestinal system comprises a rich network of reciprocal
and finely orchestrated interactions between immune, epithe-
lial, endothelial, mesenchymal, and nerve cells and the extra-
cellular matrix (7). Dystunction of any component of this
highly integrated mucosal system may lead to a disruption in
communication which influences the course of intestinal infec-
tions. The proof that bovine IEL represent target cells for Stx1,
together with recent reports on the expression of functional Stx
receptors on bovine intestinal epithelial cells (16; Menge et al.,
unpublished data), is thus highly relevant for our understand-
ing of the interplay of STEC with its bovine reservoir host and
for the development of strategies aimed to limit these infec-
tions.
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Ruminants are a major reservoir of enterohasmorrhagic: Escherichia coli (EHEC), which causa acute
gastroenteritis in humans with potentially life-threatening sequelae. The mechanisms underlying
EHEC persistance in ruminant hosts are poorly understood, EHEC produce several cytotoxins that
inhibit the: proliferation of bovine lymphooytes mowieo and influence EHEC persistence in calves,
sugoesting that bacterial suppression of mucosal inflamrnation may be important /o wivo. In order to
address this hypothesis, intraepithelial lymphocytes (IEL) obtained from ligated intestinal loops of
fiver 8—14 day ald calves were characterized 12 h after inoculation with £, coli strains. Loops were
inoculated with an EHEC Q103 : H2 strain, an isogenic Asts T mutant incapable of producing Shiga
toxin 1 {Stx1) and a porcine non-pathogenic E. colf strain. The |[EL mainly comprised activated CD2+
CD3+ CD&+ CDBrct T cells and resembled |EL abtained fram the intestinal mucosa of orally
challenged calves. Forty per cent of all IEL were potentially sensitive to St in that they exprossed
the receptor for Stx1. Mevertheless, analysis of IEL from inoculated loops failed to detect a significant
effect of the different £, coli strains on proliferative capacity, natural killer cell activity or the cytokine
mRMNA profile. However, the EHEC wild-type strain reduced the percentage of CD8a T eellsinthe
ilzal mucosa compared with loops inoculated with the Astr? mutant. This shift in |[EL compasition
was not associated with inhibition of [EL proliferation & sitw, since the majority of the [EL from all
loops were in the Go/Gy phase of the cell cycle. These studies indicate that the ligated ileal loop
madal will be a usetul tool to diszect the mechanisms undarlying suppression of mucosal
inflarmmation by EHEG in the reservair host,

Eocoliinfection CADe et ol 1998; Mundy etall, 20031, and our

laboratory has recently shown that the LEE is required for

Enterohaemorrhagic Fscherichin coli {EHEC) infections in
humans are often acquired by direct or indirect contact with
ruminant facces and can have lite-threatening consequences
(Paton & Paton, T998; Roe & Gally, 20000, Strategies to lower
the incidence of EHEC in caltle and sheep are expected Lo
reduce the incdence of human infeclions {(Slevens ¢f af.,
200207 however, the mechanisms underlying EHEC persis-
tence in ruminants are poorly understood. Previous studies
indicated that the locus of enterocyte effacement [LEE}-
encoded type T seoretion apparalus mediates ntestinal
colontzation o animal models of attaching and efTacing

Akt

alicor

toin 7 Bt

colonization of the bovine intestine by EHEC serotvpes
(M57:H7 and O26:H - (P M. van Diemen. I. Dziva,
M. P Stevens and T. 5. Wallis, unpublished observations].
Several ol the LEE-encoded elfector protems do notintluence
adherence per se, indicating that thevy mav affect colonization
by subverting or inhibiting the activity of host cells {Elliott
et al, 2000 McNamara ef al., 2001; Tu er af,, 2003). Indeed,
Espld ora protein{s) dependent on BspB Tor sccrelion was
recently reported o suppress activation of the nuclear
transcription factor NF-w»B and the svnthesis of prointlam-
matory cvtolkines i1 vitre (Hauf & Chakrabarty, 20037,

EHEC also produce several cytotoxins including Shiga
Loxin(s) (Sl andfor 521 and lvmphostating the latter of

Anbd0e D004 5GN Frunled i Gras! Gl
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which influences mtestinal colonizabion ol calves (Slevens
et al, 2002¢). Both Skl and lymphostatin inhibit the
proliferation of bovine peripheral blood lvmphocvtes in vitra
[Menge ef al., 1999: erens & Hovde, 2000; Stevens ef al.,
2002¢), In addition. lvmphostatin can block the proliferation
of human and murine intestinal Tymphocyles in ovivo
(Rlapproth et al, 1996; Malstrom & James, 19981 Bovine
intestinal intraepithelial lvmphocvtes (IEL) express func-
tional Stxl receprors. and 5txl blocks proliferation and
affects the expression of cvtokines in these cells {Stamm
et el 2002 Menge e al, 2004) Studies are requited 1o
confirm that such IIIHI]Ll[li:ﬂlll{llll:lliﬂ'}- slrategics are relevanl
in the complex environment of the intestine in the targel
animal species [Smith et al., 2002; Hein & Griebel, 2003).

[ntestinal loop models have been used in ruminants to study
enteropathogenic responses to bacterial pathogens, EHEC
chicitenteropathogenic responses in such loops and adhere Lo
the epithelium, forming atlaching and  effacing lesions
(Sandhu & Gyles, 20027 Stevens et al, 2002a). RL!L‘L‘THI}’\
Gerdts ef al. {2001) established thar intestinal loops are a
valuable model for the amalysis of mucesal immune re-
sponses. We therefore assessed the phenotype and function
ol TEL in a bovine hgated intestinal loop model of BEHEC
infection in order to tdentily bacterial and host factors thal
modulate inflammatory responses during EHEC infection of
cattle.

METHODS

Bacterial strains, toxin and anti-toxin. The bacierial sirains usec
T P\-”("'V\.'ltl -lepi 1L III.{ OO 12 o sulsbypue-c sl |

PAES Asixl mul =
rom e al., 1997,

Wlariani-

chisanalidixic

’UU‘J. ar 1d MNALK ;
acid-resistant derivati vco fthe po*c 1¢ non 1:-1& ogn <k, u.'

(Moon et al. 196E), Bacterial strair
heart infusion (BHIL b:'tJtl'_ for 1 hoat 37 "Coand the nptical densi
A 11 nociila was adjusred to within 041 units. Viahle bacreria ir
adjusted inocula enumerated by plating serial renfold dilutions
onte MacConkey agar, Recombinant B-subunit of Stxl (rStxB1) was
purified by anion cxcha nge chro 1]<1t[]\!1‘11.'|11 as described by *m mm
ool [Eﬂﬂ Anli-S0sB was purificd by Protein 400 [Sch
Schuell} 'r]|.|ln.|_\- chramatography from ||.I.. mosuse helridoma cell ne
1304 (Strocklbine of af, 1985,

strain 12

Animals. All animal experiments were performed in accordance with
the Animals (Scientific Procedurest Act 1986 (UK] and were approved
by the lecal Brhical Review Commitee, Conventional Friesian bull
calves were fed on milk replacer twice daily with free access to water and
were screened for excretion of EHEC or Salvicwella b enrichment on
sorbite] MacConlkey agar containing tellurite and cefixime or Brilliant
green agar, respectively, Calves were observed twice daily for 7 dayvs prior
[ E T nimals with diarrhoea or excreting EHEC were excluded
from the analvsis

Oral inoculation of calves. Calves aed 20-22 dayvs were challenoed
ith 397 = 10" el of s PMEKS or 463 2 10" el of
38 moantacid as described by Stevens eral, (2002¢),

urally
NADC

L|gated|nte.st|nalloap assay. The bovine ligated teal loop assay has
CSlevens of ol 200240 Brielly, calves

o ol The L-xpur.nn.nl |_rJ|.’I|.’I.IJL 14 R ow

alal, 0-44 ml ©

,

U ] and the
misl-derm was Toushed with intestinal wash solulion (561 mg NMatl;
01 g KOOI 1409 g K POG; 0 L e Mag FTPOG; 704 me trisodiom
Itrate and 5 mg N-acetel cvsteine ml '), Calves were maintained at
355595 "C by the use of heated mats, Four mid-ileal loops perani
approx. 40 con in length with 10 cm spacers were ligated with
silk and inoculated with 40 ml bacterial culture (PMEZ. -
o 1o - per loopy PMES Asty 4402 = 067 % 10" cfi per
loop MADCI?38 5l = 1237 0 10™ cfn, per loop! or sterile medinm
{BHIY as a negative control, Bach strain was tested once per animal and
the experiment was repeated in a total of five calves.

K rloharhilone sodinm [Han

Isolation of IEL. Twelve hours after loop inoculation and immediately

alter the adminisiration ol an overdose of anacsthetio, the infecied

P sa collected into jce-cold PEXS. TR lapprox. 2 108 colly |rer

lesaprd weere isolated Droen the recoverad mucosa aller Trealment with 4=
LFTT L in PBS, 13=25 min al 37

il an BRTA solulion conlaiming an inhils enlration ol
T FITA in PBS, 100U penicillin ml=h, 100 pg
noml Tl 20 emin al 37700 wilhs

el (vorlesi
1

sl lioon

noml T 25 g genla

andl mechanical detachs gl The cells were

in Percall al a densite of 105 g ml ' lavered onto Percoll
ara density of L0R16 gml ' and separated ln LLl']Tl ugation ar 677 gfor

20 min (Menge ¢ al, 20041,

Immunephenotyping. Freshlv iselared IEL were transterred to micro

titre plates for the staln aton and activation markers
for flow cytometry as described (Menge eral, 1998 Stamum ef al, 20021,
IEL were incubated with antthodie xB1 i the dark for 20 min,
Dietected antigens and the respective antbodies used were: CD2 (IL-A
431, CIH T 1 CTIE (T4 570, CI 8 (T1-A 105], G021 (1A &5,
a mmacraplag wiloeyle differentialion antigen (10-4 243, WL (30
T cells, TT-A "9' CIR5T-A THHE, COFIT-A S MELC-TT T (all
awens, Internalional [.i\-c-alcn'k Rl!

[RANT AL {'l'lgf'f (BAT

zarch
ALT-2
TeR1-

. NrJI‘Ul]
[ \( Iln*\l I;RI \

["ﬁ“\llld(l Lo
130y T s (ll.ll.\.ln.'(l .~.-|lh r]l'1||--'||k“| I_-J-.'x g r1|| 1}

was cartied out with FITC-labelled secondary antibodies, Cells were
analysed with a FACSCalibur flow ovtometer acquiting 3006 events for
cach sample.

Natural killer (NK} cell activity assay. A bovine lymphoma cell line
(BL-3, ECACC 86962401) was used as target cells, Target cels (10
prestained with 33" diectadecvloxacarbocranine l.'lc“'Ll.ll.Ul"itL 1D
were added to [EL as effector cells (E) in d af ratios (E: T 100 1,
3301 and 11: 1) and incubated for 18 hoat 37 °C, Affected target cells
were detected by flow cvtometry according o their altered morphology
won :_'JI'.I'.I'.JI'r]I".l_\-"_I.

e Niwes] weith elhanaol

Cell cycle determination/DNA analysis. [1]..

(709, wiv) i'.nr1||t|" |ll|||" alter isolation. [N A was staine

wilh parapi-
i o r RMNase Acligeshion and proportions ol cells inthe
dillere
;l-.l'rlll\'. (Fy

sal Dy o cvlometry
LI

Lymphocyte stimulation-proliferation assay. To cxamine prolif
crative capacity after mitegen stimulation, [EL were cultured for 3 davs
ar 37 “Cin medm supplemented with 1'[1'11L2 1200 Ul 'iand ot ither
phytehacmagglutinin (PHA-IY 2.5 pgml ') or phorbol-12-myristare
li-acetate (I'BMA. Sngml ') and lonomycin (300 ngml 'l The
proportion of viable cells rransformed ro blast cells and non-trans
tormed non-hlase cells relative to an unstimulated control was deter
mined by flow cytometry according to the light scatter characteristics of
cells with PTexclusion ol dead L.L.”.H.
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Effect of EHEC an bovine [ELs i silu

Cytokine mRMNA profile. Aller inculsation of TEL in el ium supple-
mmenled with 243 i PETA el = el 200 U ehaID2 mal = o 30 min, BMA
was isolaled o cells vsing an BNeasy MiniKic {f05aeen), reated with
Dixvase and reverse transcribed to <D AL Cytokine -specific PCIs for

H2 M HE (10 and ey weere camried our following standard
procedures, Previously published otekine primers (Gokin er al,
1997 Morsey ef all. 1996] were used with miner modifications:

2 tsense, 5TTCTTGCATIGCACTAACTCT 37 antisense, 3GET
TTGACAAAAGGTAATCC-37), 12 (sense, 5 -GUCACTTCGTCCAT
GOACAC 3, antisense, 53 TCCCAAGAGGTCTCTCAGCG 37, iy
(sense, 5-GUEAGTTCTGTEAAGAATGAG-37 antlsense, 5 -GOATCT
TGCTTCTCAGCTC-3"), M0 (sense, 5 - TGTTGECTGGTCTTCCTG

''''' ¥ (zense, 3'-GCT
antisense, 3 -CACTTOTCTTOOCGOTT
TETG-3 and gagredh Dsense, 3-ATCACTOGCUACCUACSAT anlisense,
SCATOCCAGTGAGITT The GAIDH genewas used asa control
for constitutive gene expression. The amplification reaction was carrted
out for a total of 35 cyvcles as follows: 94 7 for 305, 553 "C for 30 5 and
7200 for 2 g, with a precyele of 94 7°C for 15 5 and fnal extension at
720 for 5 min. Crtoking signals were evaluated after gel electrophor
esis from densitometny measurements and values were normalized to a
GAPDI signal.

TTACTCO OO TG TGOT-3"

Statistical analysis. Data were analysed statistically using pype
(Sratistical Software) and SigmaStar software (3pss) ' values were
calculated bv Student—Mewman—Keuls test and one-way repeated
measures ANOVA and considered significant when [ =5 (05

RESULTS AND DISCUSSION

Comparative phenotypic and functional
characterization of bovine ileal and coloniclEL in
orally challenged calves

Anatomical constraints and the need to recover sufficient
viable 1EL from the epithelial laver for functional studies led
us Lo focus on the smallintestine for ligated loop experiments
Loy stucly the effect of B colf strains on mucosal inflammation.
Despite a recent reporl suggesting that lymphoid follicle
dense epithelium in the terminal rectum is the principal site
of E coli OL57: H7 colonization in weaned calbves and adult
cattle ( Naylor er al, 2003), colonization of the ileum. caecum
and colon has been reported incalves infected with Ecolt
CN57:H7 {Cray & Moon, 1993; Brown of al, 1997; Dean

Nystrom ef af, 1997, 1999; Grauke er al., 2002}, Non-0157
EHEC apparently do not share a tropism for the terminal
rectum { Navlor eral., 2003}, and serotypes Q0% and QL L] have
been observed Lo adhere exlensively o the colone epithelium
[Stevens ef al, 2002c), In order to determine whether
phenotvpic or functional differences were detectable between
[EL o tleal and colomc sites, conventional calves were
challenged orally with either BHEC strain PMES or non

pathogenic £ coli strain NADCST3E, and intestimal mucosa
was obtained 3 davs after inoculation to prepare 1EL. The
general composition of [EL subpopulations was wery similar
in the tleum and colon of orally challenged calves (Fig. 11,
with the exception that ileal TEL preparations contained
higher percentages ol T cells and ol cells expressing MIC-T]
and ACT-2 {a tissue-specific activation marker) as compared
with colonic IEL preparations. The $tx receptor GGb./CD77
was found on approx. 50 and 35 % of the [EL from ileal and

colomc preparations, respectively. We previously observed
that bovine lvmphocyles express different isoforms of Ghs/
CD77 molecules that have incorporated fatty acids of warving
length and display different affinities for anti-CD77 and
rstxBl (Menge er al, 2000, 2004 Stamm e al, 20020,
Comnsistent with that, only approx. 35% of ileal as well ax
colomc TEL were capable of binding vSIxB1 in the present
studv.

IEL compaosition differed little bebween calves thal were
moculaled with PMES or NATDCST38. 1L os noleworthy,
however, that the portion of Gb2/CD77™ and rStxB1 binding
ileal [EL was reduced in the calf that received the EHEC
strain. In addition, the portion of ileal and colonic intra

epithelial T cells expressing CD&e and CDSH was markedly
lower in this animal In turn, other T cell populations
including CD37, CD47, CDET and N127 90 T cells were
enhanced al colonic sites in the PMES-inoculaled animal.

The majority of 1IEL from both calves were in the (5,703, phase
of the cell cvele and mitogen stimulation did not result in
proliferative responses in comparison Lo unstimuolated cells
(data not shown}. TREL are known Lo respond only poorly 1o
mitogens and nominal antigens in vitvo, despite their
activated appearance and phenotype {(Mowat & Vinev,
19977, Nevertheless, isolated [EL were still functionally active
in that they exerledan NK cell activity towards a homaologous
cell line, and inoculation with EHEC did not influence this
activity (Fig. 2}, Detection of this aclivily required high
effector to target cell ratios and was slightly higher in colonic
IEL preparations.

Immunophenotype of IEL exposed to EHEC in situ
in a ligated intestinal loop model of EHEC infection

Midaleal loops were constructed ina total of live conven

tional calves aged 914 davs and moculaled with either
PMES, PMES Asted, NADCS738 or sterile medium as a
control. Since it is known that Stxl inhibits the activity of
bovine lvmphocvtes in vitre (Stamm e all, 2002; Menge et al..
2003}, the six] mutant was included to determine whether
mucosal immunomodulatory effects due o Six] could be
detected in vive. Viable [EL could be isolated after 12 h from
all mid-ileal loops inoculated with the different E. coli strains.
Immunophenotyping of the IEL revealed their composition
wits very similar to 1EL derived from ileal mucosa (rom orally
inoculated calves (Figs [ and 31, IEL from mid-ileal loops
comprised mainly activated CD27 CD37 CDe™ ACT-27 T
cells, with approximately 60 % CD8a ", 30% CDEGT, 10%
C47 and 23 %) T cells, suggesting that the integrity of the
mucosal Taver had been mantained {Fig. 31, Forty per cent of
all IEL expressed the Stx receptor GGba/CD77 and were
capable of binding rStxBl. Few changes in the phenotype
ol the recovered TEL could be detected between loops
inoculated with BEHEC and  control loops Glled with
NADCITIR or stlenile mediom {Fig. 31 Student—Newman

Keuls test following one-way repeated measures aANOVA
revealed that the wild-type Stxl-producing EHEC strain
PMES significantly reduced the percentage of CD8a " T cells

btz i s mjoumals.org
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by 5:52 4 3 (=2 (005 ) compared with loops inocalated
with the PMEKS Asix! mutant or the non-pathogenic £, coli
strain. A slight decrease in the portion of CD3E™, CDA™ and
CD27T 1EL in PMKS-inoculated loops could also be detected,
although differences reached significance only in the latter
casi. These findings retlect the dilferential expression of Six
receplors by several IEL subpopulations: in the dlevm oladuli
cattle, the majority of Gha/CDF?T 1EL are activated CD3™
Che™ CD8u™ T cells, whereas CD4™ T cells and B cells
express much less Gha/CIDT7 {Menge ef al, 20040, Inocula

tion of the loops with PMKS did notimtluence the number of
Gha/CD77 1 TRL, but shightly reduced the number of rSExl31

binding cells, In witvo, Stxl affects bovine peripheral lvm-
phocytes early in the activation process {Stamm et af., 2002}
when the cells express an isoform of Gby/CD77 with a high
alfimity for r5txB1 that s nol recognised by ant-CD77

i
Penge e gl 20035 Six1 thus probably elimimated Trom
the loop mucosa only those 1EL that were not recognized as
Gha/CDF?T cells in either loop.

The finding that Stxl specifically depletes a subset of bovine
lymphocvtes in the complex environment of the intestine is a
significant step forward in our understanding of the muod

ulation ol mucosal immune respenses by EHEC. To the best
of our knowledge, the present study provides the first direct
evidence that Stxl acts as a virulence factor in cattle.
Suppression of immune function in the gut through deple-
tion of CDEa and probably CDET T cells may facilitate
mlestinal colonization; however, there s presently a paucily
ol published data 1o support this role (reviewed by Smith

etal, 20027 Stx-positive F ool O157 1 T7 have been reported
to colonize the intestines of weaned calves more effectively
than Stx-negative strains {Dean-Nvstrom ef al.. 1998); how-
ever, the strains used were not isogenic and the differences
could be due W trails other than Stk production.

Cell cycle progression and proliferation of IEL
exposed to EHEC in situ

Belween 83063 — 201 and 914 — 243 %, of [EL {mean +
s of triplicate determinations of five animals) from the
loops were in the (5o/(5) phase of the cell cvcle, The response
to mitogen stimulation was low and did not differ between
TEL preparations oblained from the different Joops (data not
shown ), The efiect of Stx1 on [EL composition is therelore
nol a consequence of inhibition of cell proliferation m s
We recently reported that the ability of $txl to block the
praliferation of bovine peripheral CD8u™ Gh./CD7FFT T
lvmphocytes is due to direct toxic action and is not mediated
via perturhation of autocrine cylokine release within the
lvmphocyle cultures (Menge edal, 2000 ) Although previous
reports failed to detect a cytotoxic activity of Stxl for bovine
lvmphocyvtes {Menge e al.. 1999; Ferens & Howvde, 20007,
Stxl was recognized as a potent cytotoxin in other cellular
systems {Sandvig, 20000 Therefore, we cannol exclude the
possibility that Six1 eliminated  sensitive TEL from the
mucosa of PMES-inocalated Toops,

The TEL composition o loops inoculated with o non
The TEI 1 ! lated witl
pathogenic B colt strain did not signibeantly differ from

1]
5 e
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loops inoculated with PMES Asixd. The Tatter strain, hul naot
1}, which
influences colonization of the bovine intestine by EHEC
serotypes O3 and Q1L {Stevens ergl. 2002¢). Lymphostatin

represents another EHEC factor that blocks lvmphooyte
proliteration in vitre {Klapproth e al., 2000 Stevens et al.,
2002¢; however, no lymphostatin-like effects on TEL phe
nolype and function were detected inthe present study,

Cytokine mRNA synthesis and NK cell activity of IEL
exposed to EHEC in situ

Several EHEC wirulence factors inhibit the synthesis of
cylokines by mitogen-activated muocosal lvmphocyles
vitro, including lymphostatin {Klapproth et al, 1996
Malstrom & James, 19981 and Six1 (Menge of al, 20041
We therefore assessed the effect of exposure of bovine 1EL in
site to different £ cefli strains on the mitogen-activated
transcription of 72, g4, d8, {10 and ifre-. Upon mitogenic
stimulation of recovered TEL for 30 min ia vitro, suitable
amounls ol intact BNA could be recovered and subjected 1o
semi-quantitative RT-PCR. IEL preparations obtained from
different donor animals varied in their cvtokine gene expres-
sion (Fig. 4). While inoculation of loops with PMES in-
creased  the TL2 signal in four ool of five amimals o
comparison with loops inoculated with PMES Asixl, the
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. Menge and olhers

expression of TFN-p was reduced to different extents in all
[LE- and [LI0-specific
mBNA (Fig, 4 data for ILL0O not shown) varied inconsistently
between the loops and the animals.

five animals. The amounts of T4,

1EL preparations from all the inoculated loops exhibited a
higher NI cell activity than ileal IEL obtained from the orallv
challenged calves. but no significant differences between [EL
exposed Lo the different £ colt strains were detectable (Fig. 537

Gul-assoctated lvmphoid tissues trap antigen al siles of

infection and present it to migratory lvmphooytes, leading
ultimalely to the development ol antigen-specific mucosal
immunity. [t mav be speculated that EHEC cytotoxins
suppress these events once the bacteria are intimatelv
associated with the epithelium in order to prevent clearance.
Accordingly, Stx1 had been shown to hinder peripheral
19991, and
19971, However, the lacl

lvmphocyle funchions inoviire (Menge et al,
presumably e vive (Hofman eral.,
that humoral and mucesal immune responses against EHEC
antigens can be readily detected after experimental and
1990, Pirro et ol
19937 argues against a general immune suppression. More
over, TEL differ strikingly  Tuncionally from peripheral
lvmphocytes {Mowat & Viney, 1997, 1EL do exhibit cvto-
toxicity against virus-intected cells {Mualler et al., 2000), but,
in the fiest place, these cells Torm an ndispensable part ol the

malural infection of cattle (Johnson ef al.,

mucosal regolatory nebwork that maintaims intestinal hom
costasis (Focchi, 19975 By releasing soluble factors, TEL

I ITIITIIITTTH—

Target cealls affected by granularity ()

331
Ratio effectar | target cells

111

Fig. 5. MK cel acliviy of ileal IEL sclaled from lgaled loops aler
120 of noculation with EHES wilo-type strain PRKE (flled
sogenic PMES (s T mulanl; open bars),
RADCETIE

neubalion w

harsd,

non-pathogenic E colistrain

{sriped b mroth (hatchea nars). Afer oo

dth bowine lyrmphoma cells as argel cells for 18 h woitro
was determined by flow cytometry. Speifc

cd by caloulating the difference | n

WK cell activ tf of IE

Lhe percen laqe ol Argel cells zah Llllnq
samples

weredses granularity in lest
dalins |r~|”ffr~"mr~1n.

Slale lca

ang 50 from lrlp iale \,elerr nnations ol fiv
analysis with onc-way repeatos measures A8

animals,
A rewvealed no signii

canl gilferences helween the loops,

conbrol the migration and activation of inflammatory cells as
well as a number of epithelial cell functions including
proliferation {Mowat & Viney, 19971, [t is thus tempting to
assume that, by modulating IEL functions, EHEC prevent the
anset of mucaosal inflanumatory responses that would other-
wise [ullow baclerial adhesion to the mucosal surface {Zhou
et al, 2003, In addivion 1o divectly alfecting epithelial cell
functions (Hoev et al,, 2002, 2003), EHEC would be able, by
this mechanism, to influence epithelial cell turnover indir-
ectly, which correlates with the duration of EHEC shedding
i calves [ Magnuson et al, 20000, Using Stx1 as a protolype
for EHEC factors with immunomodulatory activity, the
bovine ligated intestinal loop mode] proved suitable 1o
dissect the effect of bacterial factors on different aspects of
the intestinal imunune response during EHEC Q103:H2
inleclions in this reservoir hosl
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Abstract

Granulocytes play a pivotal role in the pathogenesis of Shiga toxin (Stx)-producing Escherichia coli (STEC) related diseases in
humans. Granulocytes are attracted and activated by Stxs in the enteric mucosa and are believed to thereby contribute to the
intestinal inflammation. Mature ruminants, the main reservoir hosts of STEC, do not develop pathological changes that can be
attributed to the Stxs. To prove whether the latter phenomenon correlates with the inability of the Stxs to affect granulocytes of
ruminants, we investigated the ability of Stx1 to bind to granulocytes of cattle and sheep and analysed the effects of Stx1 on viability,
phagocytosis, and oxidative burst activity. Bovine granulocytes from blood and milk did not express Stx1-binding sites even after
activation of the cells and also were resistant to StxI. In contrast to bovine granulocytes, granulocytes of sheep constitutively
expressed Stx1-receptors of the Gbs/CD77 type ex vivo and bound the recombinant B-subunit of Stx1 (rStxB1). Stx1 holotoxin
induced apoptosis in ovine granulocytes after prolonged incubation (18 h) but Stx1 only slightly altered the phagocytosis and
oxidative burst activities. The rStxB1 had no effect on granulocytes of either species. While arguing in favour of our initial
hypothesis, that granulocytes of both, cattle and sheep are not activated by Stxs, the results of our study are the first evidences for
differences in the cellular distribution of Stx-receptors in species equally regarded as STEC carriers.

C) 2006 Elsevier B.V. All rights reserved.

Keywords: Shiga toxin; Granulocyte: Cattle; Sheep; Gbs/CD77

1. Introduction events in the pathogenesis of HC and HUS (Paton and
Paton, 1998). It was only recently recognized that

Enterohemorrhagic Escherichia coli (EHEC) of the interactions of Stxs with granulocytes also play a central
pathovar of Shiga toxin-producing E. coli (STEC) are role in pathogenesis (Proulx et al., 2001). Stxs delay the
emerging foodborne pathogens and the cause of onset of apoptosis in human granulocytes (Liu et al.,
Hemorrhagic Colitis (HC) and Hemolytic Uremic 1999) and trigger the generation of reactive oxygen
Syndrome (HUS) in humans (Karmali, 1989). Shiga intermediates which ought to damage the mucosal tissue
toxins (Stxs) are regarded as the main virulence factors of (King et al., 1999). In addition, Stxs induce the release of
STEC in that they damage endothelial cells, one of the key chemotactic factors from epithelial cells (Yamasakietal.,

1999; Thorpe et al., 2001) and thereby enhance the
transmigration of granulocytes (Hurley et al., 2001). Both
effects contribute to intestinal inflammation and are
fax: +49 641 99 38300, assumed prerequisites for the resorption of significant

E-mail address: christian.menge@ vetmed.uni-giessen.de amounts of Stxs from the gut lumen (Proulx et al., 2001).
(C. Menge). Once the toxins have passed the intestinal barrier, there is

* Corresponding author. Tel.: +49 641 99 38314,

0165-2427/S — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.vetimm.2006.06.009
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evidence that granulocytes may even be capable of trans-
porting Stxs in the blood stream to extraintestinal organs
such as the kidneys (te Loo et al., 2000). Granulocytes of
pigs — animals that develop Stx-related symptoms after
natural and experimental STEC infection — were recently
also found to bind Stxs (Winter et al., 2004 ).

In contrast to humans and pigs, mature ruminants do
not show any overt clinical signs during intestinal
colonization with STEC, even though they sometimes
shed 10° and 10° STEC/g feces (Smith et al., 2002).
Ruminants, especially cattle and sheep, have been
identified, however, as the major source for human
STEC infections and a number of surveys detected
STEC in high percentages of bovine and ovine fecal
samples from several countries worldwide (Dean-
Nystrom et al., 1998; Hancock et al., 1998; Zschick
etal., 2000). The role of Stxs in bovine STEC infections
had been unclear and the absence of Stx-receptors on
bovine intestinal endothelial cells even led to the
speculation that ruminants are *‘Stx-tolerant” STEC
carriers (Pruimboom-Brees et al., 2000). However,
bovine B and T lymphocytes express globotriaosylcer-
amide (Gbs/CD77) molecules in vitro that function as
Stx-receptors (Menge et al., 2001, 2003; Stamm et al.,
2002). Bovine ileal and colonic intraepithelial lympho-
cytes (IEL) also express Gbs/CD77 and Stx1 blocks the
activation and proliferation of peripheral and mucosal
lymphocytes in vitro and in vivo (Menge et al., 1999b,
2003, 2004a,b). A suppression of the local adaptive
immune response by Stx1 may therefore contribute to
the ability of these bacteria to colonize the intestinal
mucosa of their natural host for prolonged periods (Cray
and Moon, 1995; Grauke et al., 2002).

Granulocytes principally represent effector cells of
the innate immune system that contribute to the
limitation of mucosal colonization by bacteria (Svanborg
et al., 1999). Granulocytes infiltrate the colonic mucosa
of STEC-infected calves (Schoonderwoerd et al., 1988),
but their impact on the course of STEC infections in
ruminants is not known. The absence of intestinal
inflammation in STEC-infected mature ruminants may
indicate that their granulocytes are not attracted to the
mucosa and activated by Stxs like their human counter-
parts. Consistent with this hypothesis, inflammatory
responses induced by some STEC strains in ligated
intestinal loops in calves are independent of Stxl
(Stevens et al., 2002). We hypothesized that granulocytes
of ruminants differ from human granulocytes in that the
former are resistant to Stx-induced activation. The
objectives of the present study, therefore, were to
determine whether granulocytes represent target cells
for Stx in cattle and sheep. For that purpose, we analysed
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these cells for the presence of Stx binding sites and the
effects of purified Stx1 on viability and the phagocytic
and oxidative burst activities.

2. Materials and methods
2.1. Protein purification

Stx1 was produced from bovine STEC strain 2403
(rough, H; Wieler et al.. 1992) and purified as described
before (Menge et al., 1999b). At the end of the
purification process, toxin preparations were passed
through Detoxi-Gel™ columns (Pierce. Old-Beijerland,
The Netherlands) to reduce contamination with endo-
toxin. Cytotoxic activities of toxin preparations were
determined on Vero cells (ATCC CRL 1587) by the
method of Gentry and Dalrymple (1980) with minor
modifications (Menge et al., 1999b; Menge. 2003). CD5,
was calculated from dose—response curves geometrically
as the reciprocal of the toxin dilution causing 50%
reduction in cellular metabolic activity. The Stxl
preparation contained 50,000 CDs, of Stx1 and 166 pg
of endotoxin per ml as determined by the Limulus
amoebocyte lysate assay (Kinetic QCL"™, Cambrex,
Verviers, Belgium). Recombinant StxB1 (rStxBl),
previously shown to recognize Gb; but not Gb, (Niebuhr,
1991; Stamm et al., 2002), was purified from E. coli
DHS«a[pSUI08] (Su et al., 1992) as described before
(Stamm et al., 2002). The rStxB1 preparation contained
411 pg/ml of rStxB1 and 600 pg/ml of endotoxin.

2.2, Animals and sample collection

Blood samples were taken from adult, lactating cows
and 13-18 day old calves (Holstein x German Black
Pied) from the dairy herd of the Teaching and Research
Farm of the Justus-Liebig-University, and from adult
sheep (German Whiteheaded and German Blackheaded
Mutton breed) kept at our institute. Blood samples were
drawn by venipuncture of V. jugularis externa by using
60 ml syringes with 2.500 International Units (IU)
heparine (Liquemin*N; Braun, Melsungen, Germany).
They were stored at room temperature and transported
directly to our laboratory for further processing. Milk
samples were taken from the cows described above and
from sheep (East Friesian breed) at a local farm.

2.3. Ex vivo phenotyping of leukocytes from
peripheral blood

Leukocytes were obtained from whole blood
samples by hypotonic lysis of erythrocytes. After
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preparation, 2 x 10° cells were thoroughly resuspended
in phosphate buffered saline (PBS) and transferred to V-
shaped microtiter plates (Greiner, Frickenhausen,
Germany) for immunolabeling as described previously
(Menge et al., 1999a; Menge, 2003). Cells were
centrifuged (4 “C, 137 x g, 7min) and resuspended
as described below. All incubations were for 20 min on
ice and all washing steps were carried out as described
above and with PBS (4 "C) if not otherwise indicated.

To detect Gbs/CD77, cells were resuspended in 25 pl
of rat IgM (dilution 1:50 in PBS; Camon, Wiesbaden,
Germany) as a negative control or with anti-human
CD77 antibody (rat IgM. clone 38.13; dilution 1:10 in
PBS; Beckman-Coulter, Krefeld, Germany). Cells were
incubated, washed once, and then resuspended in 50 .l
of fluorescein isothiocyanate (FITC)-conjugated F(ab'),
fragment goat anti-rat p-chain (Beckman-Coulter)
diluted 1:200 in PBS containing 2 pg/ml propidium
iodide (PI; Sigma-Aldrich Chemie, Taufkirchen,
Germany), and kept on ice for 20 min.

To detect rStxB1 binding, cells were incubated with
50 pl of cell culture medium (referred to as “medium”
throughout) containing 89% (v/v) RPMI 1640 (Bio-
chrom, Berlin, Germany), 10% (v/v) fetal-calf-serum
(FCS; Invitrogen, Karlsruhe, Germany), 100 IU/ml
penicillin/100 pg/ml streptomycin (Invitrogen) and
3 M mercapto-ethanol (Fluka, Taufkirchen, Germany)
as a negative control or medium supplemented with
rSixB1 (30 pg/ml; Stamm et al., 2002), washed once,
resuspended in 50 pl of purified mouse anti-StxB1
(IgG1. clone 13C4; 45 wg/ml; Strockbine et al., 1985),
incubated, washed, resuspended in 50 pl of anti-mouse
IgG (H + L) FITC-conjugate (dilution 1:400 in PBS;
Dianova, Hamburg, Germany) containing 2 p.g/ml PI,
and incubated again.

Finally, all samples were washed twice and analysed
with an EPICS ELITE"™ Analyser (Beckman-Coulter).
Five thousand events were aquired per sample and
analysed by the ELITE 4.01 software. Granulocytes
were defined by their light scatter characteristics.
Electronic gates were set according to the negative
control included in each test series defining less than 2%
of the cells as positive.

2.4. Ex vivo phenotyping of leukocytes from milk

Milk leukocytes were prepared following the method
of Taylor et al. (1994). Briefly. cream and the aqueous
phase of milk samples were removed by pipetting after
centrifugation (RT, 249 x ¢, 8 min). The resuspended
cells were transferred to a new centrifugation tube and
washed twice with PBS. After preparation, 2 x 10 cells
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were thoroughly resuspended in medium, transferred to
V-shaped microtiter plates, centrifuged. In order to triple
label the cells with anti-CD 172a, anti-CD77, and PI, cells
were resuspended in 50 pl of medium as a negative
control or with the cell culture supernatant of the mouse
hybridomacell line IL-A24 (producing IgG1 recognizing
CD172aon bovine and ovine myeloid cells (Brooke et al.,
1998; Ellis et al., 1988; Haigetal., 1991); kindly provided
by J. Naessens, International Livestock Research
Institute, Nairobi, Kenya). Cells were incubated, cen-
trifuged, and resuspended in 25 pl of rat IgM as a
negative control or with anti-CD77. Cells were incubated,
washed once, and incubated in 50 pl of goat anti-mouse
v-chain FITC-conjugate (dilution 1:200 in PBS; Medac,
Hamburg, Germany). After centrifugation. cells were
resuspended in 50 pl of anti-rat p-chain R-phycoerythrin
(R-PE)-conjugate diluted 1:200 in PBS containing 2 pg/
ml PI, and kept on ice for 20 min. Finally, the cells were
washed twice and analysed by flow cytometry.

2.5. In vitro cultures of granulocytes

Granulocytes were separated from mononuclear cells
by density gradient centrifugation with Ficoll-Paque™
Plus (Amersham Pharmacia, Freiburg, Germany; Menge,
2003). Two millilitre aliquots from the pellet were diluted
1:2 with PBS supplemented with 5.4 mM EDTA (PBS-
EDTA) and mixed with 27 ml of distilled water. After
50 sec 3 ml of'a 10-fold concentrated solution of PBS and
16 ml of RPMI 1640 were added. Remaining granulo-
cytes were washed once in PBS (20 °C, 202 x g, 7 min)
and resuspended in medium. The purity of each aliquot
was assessed by flow cytometry and only aliquots
containing more than 90% granulocytes as defined by
their light scatter characteristics were pooled. Granulo-
cyte suspensions were adjusted to 2 x 107 cells/150 pl
medium and either used for blocking experiments (see
next section) or cultured in 96-well U-shaped microtiter
plates (Nunc, Wiesbaden, Germany).

For stimulation of the cells prior to labeling with
anti-CD77. medium was supplemented with lipopoly-
saccharide from E. coli O111:B4 (LPS; Sigma—Aldrich
Chemie) at 1, 10 or 100 ng/ml. Plates were incubated at
37 °C with 5% CO, for 0.5-72 h. At the end of the
incubation, cells were labeled with anti-CD77 as
described for ex vivo phenotyping studies.

For studies aimed at detecting effects of Stx1 on
viability, phagocytic and oxidative burst activity, cells
were incubated with Stx1 (200 CDsy/ml) or rStxB1
(10 pg/ml). For neutralizing conditions, the medium was
additionally supplemented with purified anti-StxB1
13C4 (final concentration 1.5 pg immunoglobulin/ml).
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LPS (1 ng/ml) was included (in lieu of Stx1) as a control.
Plates were incubated at 37 “C with 5% CO» for 0.5 or
18 h.

2.6. Blocking of anti-CD77 binding with rStxB1

Purified granulocytes (2 x 107 cells/150 pl medium)
were transferred to V-shaped microtiter plates, centri-
fuged (4°C, 137 x g. 7min) and incubated (4 °C,
30 min) with 50 pl of a two-fold dilution series of
rStxB1 (starting at 30 pg/ml). After centrifugation, the
pelleted cells were incubated in 25 plof anti-CD77 (1:10
in PBS equivalentto 15 pg/ml; 4 “C, 30 min). In separate
wells, cells were incubated with the two ligands in reverse
order. Finally, binding of anti-CD77 was quantified in all
samples by incubation of the cells with 50 pl of anti-rat
p-chain R-PE (4 “C, 20 min). followed by two washing
steps (PBS., 4 "C) and flow cytometry analysis.

2.7. Viability test

After cultivation for 0.5 or 18 h, granulocytes were
resuspended in medium, transferred to V-shaped
microtiter plates and centrifuged (4 °C, 137 x g,
7 min). Cells were then resuspended in 100 pl of
Annexin-V-binding-buffer (10 mM HEPES, 140 mM
NaCl, and 2.5 mM CaCl, of distilled water; pH 7.4)
and three fluorescent probes were added: 5 pl Calcein
AM (0.01 wM; Molecular Probes, Leiden, The
Netherlands), 10 pl  Annexin-V  (PE-conjugated;
1:10 in PBS; Caltag Laboratories, Hamburg, Ger-
many). and 2 pl PI (100 pg/ml). Labeling of the cells
was performed in duplicates per culturing condition
(as described in 2.5) in separate wells. Cells were
incubated for 15 min in the dark. After washing with
Annexin-V-binding buffer, cells were analysed by flow
cytometry. By plotting the signals of the cells for
Calcein and Annexin-V, viable cells were defined as
Calcein positive but Annexin-V negative, while early
apoptotic cells were defined as Calcein positive and
Annexin-V positive. Late apoptotic/necrotic cells
were enumerated in a second plot displaying the
Annexin-V signal versus the signal for PI and defined
as Annexin-V positive and PI positive granulocytes.
Since a small number of cells apparently stained with
all three dyes the sum of data depicted in Figs. 4 and 5
may slightly exceed 100%.

2.8. Phagocytic assay and oxidative burst assay

After cultivation for 0.5 or 18 h, granulocytes were
thoroughly resuspended, transferred to V-shaped micro-
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titer plates and centrifuged (4 °C. 137 x g, 7 min).
After removal of the supernatant, the phagocytic and
oxidative burst activity of the granulocytes was
quantified by applying Phagotest™ and Bursttest™ Kits
(ORPEGEN-Pharma, Heidelberg, Germany). All sam-
ples were performed in duplicate. The tests were carried
out as described before (Menge et al., 1998) with some
modifications. For the quantitation of phagocytic
activity. 2 x 10° granulocytes were resuspended in
150 pl ice-cold autologous plasma (diluted 1:2 with
PBS-EDTA as it was recovered from the upper phase of
the Ficoll gradient during the preparation of the cells).
Then 10 pl of a suspension of FITC-labeled E. coli
(ATCC 33572) preopsonized with human serum as
provided in the assay kit were added. After 10 minin a
shaking water bath at 38 "C, quenching of surface-
bound bacteria, fixation and permeabilisation of the
granulocytes were carried out as recommended by the
manufacturer. For the quantitation of the inducible
oxidative burst activity, 2 x 10° granulocytes were
resuspended in 150 pl ice-cold PBS and 10 pl phorbol
12-myristate  13-acetate solution (PMA; 8,1 pM;
ORPEGEN-Pharma) were added. After 10 min in a
shaking water bath at 38 °C, 10 pul of “substrate-

solution” containing dihydrorhodamine 123 were
added and the cells were incubated for another

10 min. Fixation and permeabilisation was carried
out as recommended by the manufacturer. Both the
granulocytes prepared for the phagocytic assay and
those prepared for the oxidative burst assay were finally
incubated in PBS-EDTA (at 4 "C for 5 min) to recover
plastic adherent cells and counterstained with “DNA-
staining solution™ as provided in the assay kits. Cells
were subsequently analysed by flow cytometry. During
data acquisition. a “live” gate was set in the 630 nm
fluorescence histogram for those events having at least
the same DNA-content as diploid cells in order to
exclude cell debris and bacterial aggregates. Granulo-
cytes were monitored for their 525 nm (FITC)
fluorescence. Electronic gates were set according to
the negative controls for the phagocytic and the
oxidative burst activity (cells incubated on ice
throughout and cells incubated without PMA, respec-
tively) included in each test series defining less than 2%
of the cells as positive.

2.9. Statistical analysis

Data were analysed statistically by multi-factorial
analysis of variance (ANOVA) by using BMDP/
Dynamic-software (Statistical Software Inc.; Dixon,
1993) Results were evaluated as follows: P < 0.001,
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highly significant; =~ P < 0.01, significant; P < 0.05,
weakly significant; P > (.05, not significant. In the case
of two-way ANOVA different P-values indicate
significance regarding (i) influence of Stx1 and rStxB1,
respectively (Puagitive); (11) influence of adding mono-
clonal antibody 13C4 (Paniboay): (ii1) interaction
between influence of additive and antibody (Pjueraction)-

3. Results

3.1. StxBl-receptor expression by granulocytes
from cattle and sheep

Neither anti-CD77 nor the recombinant B-subunit of
Stx1 (rStxB1) bound to granulocytes obtained from the
peripheral blood of five adult cattle by hypotonic lysis

C. Menge et al. / Veterinary Immunology and Immunopathology 113 (2006) 392-403

labeling procedure (“‘ex vivo™ ). Similarly, neither anti-
CD77 nor rStxB1 bound to any of the granulocytes
obtained from four additional cows and three calves
(13-18 days of age) which were prepared by density
gradient centrifugation and incubated in the absence or
presence (1, 10 or 100 ng/ml) of LPS for 0.5, 6, 18, 24,
48, and 72 h (in vitro stimulation) prior to the labeling
procedure (data not shown).

In contrast, both anti-CD77 and rStxB1 bound to
granulocytes from the blood of adult sheep (n=3)
without preceding stimulation ex vivo (Fig. 1). Flow
cytometry detection of rStxB1 binding resulted in a
population of positive events that displayed a high
fluorescence signal and formed a narrow peak clearly
separated from the negative population. Identical

staining patterns were achieved when purified

(Fig. 1) when the cells were directly submitted to the granulocytes were labeled in vitro with rStxB1 at
cattle sheep
™ o
@ o
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(A) Gby/CD77
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Fig. 1. Expression of Gb3/CD77 (A) and rStxB1 (B) binding sites by peripheral blood granulocytes of cattle and sheep ex vivo. Granulocytes were
obtained from peripheral blood by hypotonic lysis and distinguished from mononuclear cells by their light scatter characteristics. Flow cytometry
histograms illustrate specific binding (shaded histograms) of the ligand in comparison to the corresponding antibody control (solid line). Results are
representative of repeated experiments with leukocyte preparations from adult cattle (n = 5) and sheep (n=3).
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Fig. 2. Blocking of anti-CD77 binding to ovine blood granulocytes in
vitro by pre-incubation with rStxB1. Purified granulocytes were
incubated with a two-fold dilution series of rStxBl followed by
incubation with anti-CD77 (15 pg/ml; shaded bars) at 4 "C for
30 min each. Alternatively. cells were incubated with anti-CD77 first,
followed by a two-fold dilution series of rStxB1 (open bars). In both
instances, bound anti-CD77 was subsequently detected by labeling
with anti-rat p-chain R-PE. Bars represent mean. max and min of the
results obtained by flow cytometry from six determinations with
preparations from three different animals. Statistical analysis by
two-way ANOVA
(P < 0.001) influence of the rStxB1 concentration on the percentage
of anti-CD77 labeled cells. The order of the incubation with the two
ligands did not influence the results (£ > 0.05).

repeated measures revealed a significant

concentrations of >7.5 pg/ml (corresponding to
>1.875 pg/cell; data not shown). Pre-incubation of
ovine granulocytes with rStxB1 reduced the subsequent
binding of anti-CD77 in vitro in a concentration
dependent manner and completely abolished binding
at 30 pwg/ml (corresponding to 7.5 pgfcell; Fig. 2).
Interestingly, pre-incubation with anti-CD77 before the
addition of rStxB 1 also reduced the number of anti-CD77
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binding cells to the CD77-positive
granulocytes (cells which had migrated from blood
vessels through an epithelial cell layer into milk) were
also detected in ovine milk, but not in bovine milk
(Fig. 3).

same extent.

3.2. Effect of Stxl on functions of granulocytes

Neither incubation of bovine granulocytes obtained
from the blood of five adult cattle with purified Stx1 nor
incubation with rStxB1 affected the viability of the cells
within 0.5 h (data not shown). After 18 h the percentage
of viable, early apoptotic and late apoptotic/necrotic cells
slightly varied between the conditions (Fig. 4). However,
no effect could be attributed to Stx1 or rStxB1 since the
variations were within the range between the medium
only and the LPS control and results were similar in the
absence and presence of anti-StxB1. Neither Stx1 nor
rStxB1 altered the phagocytic or the oxidative burst
activity of granulocytes prepared from five adult cattle
within 0.5 and 18 h of incubation (data not shown).

Stx1 also did not alter the viability of granulocytes
from five adult sheep within 0.5h of incubation.
However, Stx1 significantly increased the percentage of
early apoptotic cells after 18 h by nearly two-fold
(Fig. 5). Concomitantly, the percentage of viable cells
was reduced after incubation with Stx1 although the
differences did not reach statistical significance. The
numbers of late apoptotic/necrotic cells were unaffected
by Stxl. Induction of apoptosis by Stxl could be
blocked by pre-incubation of the toxin with anti-StxB1
and was not detected when the cells were incubated
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Fig. 3. Expression of Gb3/CD77 by milk granulocytes from cattle and sheep ex vivo. Representative dot plots of milk leukocytes stained for Gbs/
CD77 and CD172a (to positively identify myeloid cells; Ellis et al., 1988) are shown from one out of three preparations. Percentages of cells positive
for one or both of the antigens are indicated in the upper right corner of the dot plots.
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Fig. 4. Effect of Stx1 on the viability of bovine blood granulocytes in vitro. Granulocytes were separated from mononuclear cells and incubated in
the presence and absence of Stx1 and rStxB1 at 37 "C for 18 h. After that, the percentages of viable, early apoptotic, and late apoptotic/necrotic cells
were determined by flow cytometry. Values represent mean and standard deviations from experiments with five granulocyte preparations from
different animals. P values were calculated by one-way and two-way repeated measures ANOVA but omitted from the figure when £ > 0.05.
Brackets embrace groups of bars within which significant differences occured.
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with rStxB1 only which lacks the enzymatic activity of

the holotoxin. Stx1 also slightly altered the phagocytic

activity of ovine granulocytes and the capability of

these cells to perform an oxidative burst (Fig. 6).
Although incubation with Stx1 increased the phagocytic
activity it depressed the oxidative burst activity when

the cells were stimulated with PMA. Again, effects of
Stx1 were detectable after 18 h but not after 0.5 h of

incubation, could be blocked by pre-incubation of Stx1
with anti-StxB1, and were not induced by rStxB1.

4. Discussion

Some STEC strains cause severe diseases in the
human but not in the ruminant host (Smith et al., 2002).
It was assumed previously that this is based — at least in
part — on the differences in the expression of Stx-
receptors (Gbs/CD77) by endothelial cells, epithelial
cells, and lymphocytes in man and cattle, respectively
(Pruimboom-Brees et al., 2000; Menge et al., 2001;
Hoey et al., 2002; Stamm et al., 2002). The present data
confirm our initial hypothesis that Stx-receptor expres-
sion by granulocytes and the susceptibility of these cells
to Stxs represent another significant difference between
ruminants and humans. It thereby becomes increasingly
apparent that the different outcomes of STEC infections
in different species cannot solely be explained by the
presence or absence of Gbs/CD77 on a single type of
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cell as assumed before (Pruimboom-Brees et al., 2000).
Despite the opposed findings for cattle and sheep with
regard to Stx-receptor expression on granulocytes,
results from functional studies with these cells provide
convincing evidence that a direct effect of Stx1 on these
cells of the innate immune system is not implicated in
the adaptation of STEC to these reservoir hosts.

Bovine peripheral blood granulocytes lacked Stx-
receptors. Owing to previous findings that bovine
lymphocytes only express Gb;/CD77 upon activation in
vitro or in vivo (Menge et al., 2001; Stamm et al., 2002),
we also analysed granulocytes incubated under condi-
tions shown to directly stimulate the cells to express
surface molecules such as CDI11b (Diez-Fraile et al..
2000). Bovine granulocytes neither bound anti-CD77
nor rStxB1, even after incubation for up to 72 h in the
absence or presence of LPS (1-100 ng/ml). Migration
across the blood-milk barrier, which affects different
granulocytes’ functions (Smits et al., 1999), also did not
result in expression of Gbs/CD77. We ruled out age-
related effects as described for rabbit intestinal cells
(Mobassaleh et al., 1988) by analyzing granulocytes
from calves less than 3 weeks of age. None of these
attempts led to a detection of Gbs/CD77 or rStxBl
binding sites on bovine granulocytes.

In contrast to bovine granulocytes, granulocytes of
sheep bound rStxBl and the monoclonal antibody
“38.137 that specifically reacts with the terminal
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galabiose of globotriaosylceramide (Gb;) on human
(Nudelman et al., 1983) and bovine cells (Menge et al.,
2001; Stammeet al., 2002). High concentrations of rStxB 1
completely blocked subsequent binding of anti-CD77,
strongly implying that the vast majority of Gby/CD77
molecules (e.g. recognized by “38.137) also serves as
Stx1-receptors. Interestingly, however, anti-CD77 bind-
ing to ovine granulocytes was reduced by rStxB1 to the
same extent when the cells were incubated with anti-
CD77 first, suggesting that rStxB1 is able to remove
bound anti-CD77 from Gbs/CD77 molecules. In similar
experiments with bovine lymphocytes, upon which we
biochemically confirmed the existence of various Gbs
isoforms differing in the fatty acids length of their lipid

moiety, we showed that the same concentrations of

rStxB1 only partially blocked anti-CD77 binding
(Stamm et al., 2002). In accordance to Pellizzari et al.
(1992), we concluded that various Gbs isoforms on
bovine lymphocytes exhibit different affinities for
different ligands. This interpretation is particularly
supported by recent studies showing that anti-CD77
*“38.13" recognizes Gby molecules in human kidneys
that may be different from those recognized by Stxl
(Chark et al., 2004). Although the structure of Gbs
molecules synthesized by ovine granulocytes awaits
further biochemical characterization, the present data
argue in favour of the notion that, in contrast to
lymphocytes in cattle, only a single class of binding sites
with a considerably higher affinity for Stx1 than for anti-
CD77 is expressed by ovine granulocytes. Owing to the
fact that Gbs is not behaving as a single species in Stx
binding studies but shows dose-dependent apparent
cooperative binding kinetics at select Gb; concentrations
(Binnington et al., 2002), it remains to be determined
whether Stx binding sites on ovine granulocytes represent
a single class of Gb; isoforms or a distinct isoform
mixture, density, and spatial organisation of the receptor.

Ovine Gbs/CD77 receptors appear to mediate the
effect of Stx differently than the Stx-receptors identified
on human granulocytes. Superoxide production by
PMA-stimulated human granulocytes is impaired by
addition of Stx1 as well as the enzymatically inactive B-
subunit of the toxin (King et al., 1999). Accordingly, the
inhibitory effect of Stx2 on the apoptosis of human
granulocytes can be overcome by an inhibitor of protein
kinases (Liu et al., 1999) indicating the presence of a
signal transduction pathway that originates from Stx-
receptors on the surface. A similar pathway is linked to
Gb;/CD77 in human B cells (Taga et al., 1997). but
seems Lo be absent in ovine granulocytes, because only
Stx1 holotoxin but not rStxB1 was able to induce
apoptosis in these cells.
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An antiphagocytic phenotype of enteric bacteria
may be advantageous in that it allows the bacteria to
colonize the intestinal lining and M cells without being
transported to the gut-associated lymphoid tissue
(Goosney et al., 1999; Ernst, 2000). One may speculate
that STEC affectcells of the innate immune response in
sheep by secreting Stx1 and thereby contribute to the
prolongation of intestinal colonization (Cornick et al.,
2000). However, the toxin required 18 h to increase the
percentage of early apoptotic cells in ovine granulocyte
cultures, still leaving the number of late apoptotic cells
almost unchanged. Within this period of time the effect
of Stx1 on the phagocytic and the induced oxidative
burst activity was comparatively low. Phagocytosis of
bacteria by granulocytes requires some minutes
(Menge et al., 1998) and enteropathogenic E. coli
are able to display their antiphagocytic phenotype by
products of the lee-encoded type 11 secretion pathway
within 120 min after infection of macrophage-like cell
lines (Goosney et al., 1999). Provided that the same
course of events also takes place upon contact of lee-
positive STEC with ovine phagocytizing cells, the
meaning of such a delayed effect of Stx1 remains
clusive.

Stxs can directly act on human granulocytes (King
et al., 1999; Liu et al., 1999), but also induce the
release of chemokines from intestinal epithelial cells
(Yamasaki et al., 1999; Thorpe et al., 2001), which
results in enhanced granulocyte transmigration and
Stx translocation across intestinal epithelial cells in
vitro (Hurley et al., 2001). Stx1 neither affected the
cellular viability nor did it interfere with other cellular
functions of bovine granulocytes. The obvious resi-
stance of bovine granulocytes to a directly activating
activity of Stx1 is another step towards an under-
standing why mature cattle while harbouring STEC do
not develop any clinical signs. However, it remains to
be determined whether Stx or other STEC factors
modulate the expression of signalling substances (e.g.
chemokines) in the bovine intestinal mucosa that alter
granulocyte functions indirectly. Intestinal inflamma-
tory responses induced by some STEC strains in
ligated intestinal loops in calves are independent of
Stx1 (Stevens et al., 2002), but the observation that
bovine intestinal epithelial cells express Gbs/CD77
(Hoey et al., 2002; Hoey et al., 2003; I. Stamm, E.
Schropfer, M. Mohr, G. Baljer, C. Menge, unpublished
data) might indicate that these cells are capable of
acting as sensors for the toxin and encourages further
investigations.

The discovery that human granulocytes express a
yet unknown low-affinity Stx-receptor that is distinct
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from Gbs/CD77 and that the cells are able to transfer
Stx1 to cocultured endothelial cells expressing Gbs/
CD77 (te Loo et al., 2000) is thought to explain how
intestinal STEC infections lead to tissue damage in
extraintestinal organs such as the kidneys and the
brain. If this hypothesis holds, bovine granulocytes
that lack any type of Stx-receptors should be unable to
transport Stx1 and thereby protect cattle from the
extraintestinal effects of Stx. Gb;/CD77 positive
granulocytes in sheep, on the other hand, probably
do not release the toxin again once it is bound. In fact,
preliminary data from our laboratory seem to support
this notion. The neutralizing capacity of ovine
granulocytes may even be further improved by anti-
Stx1 antibodies, present in the sera of sheep (Eisen-
berg, 2003) that ought to mediate Stx1-binding to Fc-
receptors. Notably, also detected Gbs/CD77
molecules that bound rStxB1 on granulocytes from
goats (data not shown), animals that also function as
asymptomatic STEC carriers. In conflict with the
hypothesis that Gb;/CD77 positive granulocytes serve
as Stxs scavengers, however, it was recently dis-
covered that porcine granulocytes also bind Stx1 and
Stx2 via Gby/CD77 (Winter et al., 2004) though the
functional consequences have not been investigated
yet. Since Shiga-toxigenic E. coli-inoculated neonatal
piglets develop kidney lesions that are similar to those
in humans with HUS (Pohlenz et al., 2005), further
comparative studies on the meaning of Stx/granulo-
cyte-interactions for the course of STEC infections in
different species are strongly encouraged.

In anticipation of such studies, the results presented
here reveal for the first time differences between species
equally regarded as STEC carriers (Heuvelink et al.,
1998). The development of strategies for the reduction
of STEC prevalence in animals is mainly hampered by
the limited understanding of the mechanisms by which
the bacteria interact with their host. Studies performed
to address this problem have made use of the sheep
model based on the presumption that the STEC require
similar colonization factors in cattle and sheep (Naylor
et al., 2005). In fact, experimental infections resulted in
similar STEC shedding pattern and intestinal recovery
to those reported for cattle (Cornick et al., 2000).
However, this is, to the best of our knowledge, the first
investigation that addresses the cellular distribution of
Stx-receptors in sheep and has instantly revealed
significant differences to cattle. The assumption that
sheep are essentially identical to cattle may be a major
obstacle for an appropriate interpretation of results
obtained with ovine models unless more extensive
comparative studies have been performed.

we
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Abstract

Shiga toxin 1 (Stx1) blocks the activation of bovine peripheral and intraepithelial lymphocytes (IEL), implying that the toxin has
the potential to retard the host’s immune response during intestinal colonization of cattle with human pathogenic Stx-producing
Escherichia coli (STEC). Since Stx1 does not eliminate affected lymphocytes by causing cellular death, we assumed that Stx1
disturbs the integrity of the immune regulatory network. We therefore assessed the impact of Stx1 on the expression of selected
chemokine and cytokine genes /n vitro by real-time RT-PCR and by quantitation of intracellular cytokine proteins. While Stx1 did
not alter the amount of mRNA specific for interleukin (IL)-2, [L-10, gamma interferon (IFN-v), transforming growth factor beta
(TGF-B), IL-8, 10 kDa interferon inducible protein (IP-10), and monocyte chemoattractant protein 1 (MCP-1) in cultured ileal IEL
(ilEL), minute concentrations of Stx1 led to an up to 40-fold increase of il-4 transcripts within 6-8 h of incubation. Comparative
experiments with peripheral lymphocytes revealed that the effect was specific for ilEL. The enhancement of i/-4 transcripts in iIEL
was not accompanied by apoptosis but required the enzymatic activity of the holotoxin. Nevertheless, 1IEL retained their ability to
synthesize proteins in the presence of Stx1: 40% of 1lEL could be stimulated to synthesize IFN-y while less than 10% expressed [L-
4 or TGF-f3. Furthermore, ilEL were found to produce granulocyte chemoattractants, but the release of these substances was not
different in ilEL cultures incubated with or without Stx1. Although Stx1 did not affect the numbers of ilEL producing either
cytokine, these findings point to an altered responsiveness of IEL during bovine STEC infections and shed light on the initial effects
Stx1 exerts on the local adaptive immune system.
€ 2006 Elsevier B.V. All rights reserved.

Kevwords: Shiga toxin 1; Intraepithelial lymphocytes; il-4; Cattle

1. Introduction

Shiga toxin-producing Escherichia coli (STEC)
infections are a major cause of bloody diarrhoea,
hemorrhagic colitis and haemolytic uremic syndrome

* Corresponding author. Tel.: +49 641 99 38314, in humans (Bennish, 1991). Following initial major
fax: +49 641 99 38309. al < Hev of . \ at .
outbreaks (Riley et al., 1983; Wells et al., 1983), STEC

E-mail address: christian.menge @vetmed.uni-giessen.de

(C. Menge) are considered as human pathogens of significant public
! present address: Vet Med Labor GmbH, Mérikestrasse 28/3, health concern. E. coli Shiga toxins (Stx, consisting of
D-71636 Ludwigsburg, Germany. two major groups, Stxl and Stx2) are heteromeric

0165-2427/$ — see front matter () 2006 Elsevier B.V. All rights reserved.
doi:10.1016/).vetimm.2006.06.007

217



6. Vorgelegte Veroffentlichungen

368

toxins (1A:5B) and were identified as main STEC
virulence factors (O’Brien et al., 1982) that principally
target endothelial cells (Louise and Obrig, 1991),
leading to vascular damages in human kidneys, brain,
pancreas and intestine. After binding of the B-subunit(s)
to the glycosphingolipid Gbs/CD77 (Fuchs et al., 1986).
Stx is retrogradly transported (Sandvig et al., 1992) and
the Aj-subunit translocates to the cytosol, where it
exerts its cytotoxicity and rapidly kills the affected cells
(Sandvig and van Deurs, 1996). Stx are ribosome-
inactivating toxins that inhibit the protein synthesis by
removing the adenine residue A-4324 in the 285 rRNA
of the 60S ribosomal subunit (Endo et al., 1987, 1988)
and eventually block the eEF-1 and eEF-2 dependent
elongation process (Obrig et al., 1987). Additionally,
cross-linking of Gb3/CD77 by Stx1 on the cell surface
activates the BCR-signaling cascade and
apoptosis of human B cells (Mangeney et al., 1993;
Mori et al., 2000). An increasing body of evidence
suggests, however, that Stx] also modulates the
expression of certain cytokines (IL-1, TNF-«, I1L-6)
and chemokines (IL-8 and MCP-1) in epithelial cells
(Thorpe et al., 1999, 2001), mesangial cells (Simon
etal., 1998) and monocytes and macrophages (Harrison
et al., 2005, 2004; Tesh et al., 1994; van Setten et al.,
1996) in mice and man. Remarkably, peritoneal murine
macrophages resist the cytolethal effects of Stx1 but
produce large amounts of cytokines in response to the
toxin (Tesh et al., 1994).

In cattle, representing the main source of human
infections (Hancock et al., 1997), intestinal STEC-
infections are mostly asymptomatic (Smith et al., 2002)
but result in a high percentage of animals shedding
STEC for prolonged periods (Dean-Nystrom et al.,
1998; Dunn et al., 2004). We recently hypothesized
(Menge et al., 2004a) that STEC have evolved strategies
to limit intestinal inflammation and the
immune defense in cattle, thus permitting a commen-
sal-like lifestyle as suggested by Smith and coworkers
(Smith et al., 2002). Indeed, Stx] suppresses bovine
lymphocyte functions (Menge et al., 2003b, 1999) and
presumably represents a STEC virulence factor even in
cattle (Menge et al., 2004b). In contrast to human
lymphocytes, bovine B and T cell subsets both express
functional Stx-receptors and are affected by the toxin
(Stamm et al.. 2002). Stx1 blocks the activation and the
proliferation of these cells in vitro (Ferens and Hovde,
2000; Menge et al., 1999, 2003b) and in vivo (Hoffmann
etal., 1997). Intestinal intraepithelial lymphocytes (IEL),
the first immune cells that gain contact to the toxin, likely
represent the main targets for Stx1 in the bovine gut

induces

mucosal

(Menge et al.. 2004a). Stx1 inhibits the activation of
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certain subsets of Gby/CD77-expressing IEL in vitro and
depletes the ileal mucosa of CD8«™ T IEL inan ileal loop
model of STEC infections (Menge et al., 2004a.b).
However, since Stx1 neither induces cellular death nor
affects the natural killer (NK) activity of IEL in vitro
(Menge et al., 2004a) and in vive (Menge et al., 2004b),
the consequences of this effect of Stxl for mucosal
immune responses remained to be elucidated.

IEL represent effector cells against bacterial
(Nencioni et al., 1983) and viral infections (Godson
et al., 1992; Muller et al., 2000). While TCR a3 IEL
participate in immune reactions to lumenal antigens,
TCR 8 IEL mainly secrete cytokines (e.g. TGF- and
[L-4) involved in the surveillance and regulation of the
epithelial homeostasis (Barrett et al., 1992; Fujihashi
et al., 1993a.b; Inagaki-Ohara et al., 2004). IEL are also
a potent source of chemokines (e.g. [L-8, MIP-1a and -
1) (Boismenu et al., 1996; Lundqvist et al., 1996).
Based on our hypothesis that Stx1 modulates the local
immune response during STEC infections in cattle, the
objectives of this study were to investigate whether Stx1
binding to or internalization by bovine ileal IEL (ilEL)
changes the cellular expression of selected cytokine and
chemokine genes on the transcriptional and transla-
tional level.

2. Materials and methods

2.1. Preparation of bovine ileal intraepithelial
Iymphocytes (ilEL) and peripheral blood
mononuclear cells (PBMC)

lleal IEL were isolated following the procedure
previously described (Menge et al., 2004a) with slight
modifications. Briefly, gut specimen (distal ileum) were
obtained from freshly slaughtered cattle older than 24
months from the local slaughterhouse and washed. The
ileum was incubated 25 min with phosphate-buffered
saline (PBS) supplemented with I mM 1.4-dithiotreitol at
37 “Cunder constant shaking (100 rpm). Specimen were
cutinto strips (0.5—1 cm), transferred to PBS-EDTA-AB
(PBS supplemented with 2 mM EDTA. 100 [U/ml
penicillin and 100 pg/ml streptomycin [PAA Labora-
tories GmbH, Pasching, Austria] and 50 pg/ml genta-
micin [Biochrom AG, Berlin, Germany]), and incubated
20 min at 37 “C under constant shaking (100 rpm). The
tissues were vortexed 2 min at maximum speed and
supernatants were passed through nylon wool (Biotest
AG, Dreieich, Germany). Cells were collected by
centrifugation (250 x g, 8 min, RT), resuspended in
25ml Percoll solution (Sigma-Aldrich, Steinheim,
Germany), density adjusted to 4= 1.0500 g/ml with
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PBS-EDTA [PBS supplemented with 5.4 mM EDTA],
and layered on 10 ml Percoll solution (density adjusted to
8 = 1.0816 g/ml). After centrifugation (652 x g, 20 min,
20 °C), ilEL were carefully recovered from the Percoll—-
Percoll interface, washed with PBS-EDTA (202 x g,
7 min, 20 “C) and then with PBS. Ileal IEL (2 x 107)were
directly lysed for RNA isolation in 600 vl of RLT buffer

(RNeasy" Mini Kit, QIAGEN) supplemented with 1% of

B-mercaptoethanol (Fluka, Taufkirchen, Germany) or
were resuspended at the density of 2 x 107 ilEL/ml
in [EL-medium (RPMI 1640 with 2 mM stabilized
L-glutamin and 2.0 ¢/l NaHCO; [PAN™ BIOTECH
GmbH, Aidenbach, Germany] supplemented with 20%
fetal calfserum [FCS, Biowest, Essen, Germany], 100 U/
ml penicillin, 100 pg/ml streptomycin, 2.5 pg/l ampho-
tericin B [PAA Laboratories GmbH]| and 2.5 pg/ml
gentamicin [Biochrom AG]).

Animmunophenotyping protocol was used to monitor
the quality of the ileal IEL preparations by flow
cytometry (Menge et al.. 2004a). Briefly, ilEL
(4 x 10°) were stained for surface-expressed antigens
in the presence of 1 pg/ml of 7-amino actinomycin D (7-
AAD) to exclude dead cells from further analysis.
Antibodies used were IL-A11 (specific for bovine CD4),
IL-A105 (CD8w), IL-A65 (CD21), and IL-A111 (CD25)
(hybridoma cells kindly provided by J. Naessens,
International Livestock Research Institute, Nairobi,
Kenya). Antibodies purchased from VMRD (Pullman,
USA) were BAT82A (CD8B) and CACT6IA (TcR-
N12). Anti-human CD77 (clone 38.13) was purchased
from Beckman-Coulter (Krefeld, Germany). Binding of
the primary antibodies to the cells was detected by goat
anti-mouse [gG (H + L) conjugated with FITC (Dianova,
Hamburg, Germany) or by an anti-rat IgM conjugated
with PE (Beckman-Coulter). Five thousand events were
acquired by a FACSCalibur™ flow cytometer (Becton-
Dickinson, Heidelberg, Germany).

Bovine PBMC were isolated as previously described
(Menge et al., 1999) by density centrifugation using
Ficoll-Paque™ Plus (Amersham Biosciences Europe
GmbH, Freiburg, Germany). Blood was obtained from
healthy cows of the dairy herd of the Teaching and
Research Farm of the University. Cells were resus-
pended in PBMC-medium containing RPMI 1640
(PAN™ BIOTECH GmbH), 10% FCS (Biowest) and
3 pM B-mercaptoethanol (Fluka).

2.2. Cultivation of bovine lymphocytes for RNA
isolation

Freshly prepared ilEL were seeded in dishes in I[EL
medium (2 x 107 in 9 ml). For stimulation, the medium

219

369

was supplemented with 2.5 pg/ml phytohemaglutinin-P
(PHA-P, Sigma—Aldrich), with or without purified Stx1
(7,22, 66, or 200 CDsy/ml), as determined on Vero cells
(Menge et al.. 1999) with an equivalence of about
1 CDso/mlto I pg/ml (Olsnes et al., 1981). The methods
for Stx1 preparation and purification were previously
published (Menge et al., 1999). The Stxl preparation
contained 65,000 CDs, of Stxl and 0.17 ng of
endotoxin per ml as determined by the Limulus
amoebocyte lysate assay. Ileal IEL were incubated 4,
6,8, 18, 0or 24 hat 37 “C in 5% CO, and 95% humidity,
and then resuspended in the wells, (ransferred to 50 ml-
centrifugation tubes, washed with PBS (202 x g, 7 min,
20 °C) and lysed in 600 pl of RLT buffer (RNeasy "
Mini Kit, Qiagen, Hilden, Germany) supplemented with
1% [3-mercaptoethanol and stored at —70 "C. Super-
natants were recovered 8 and 18 h after initiation of the
cultures and immediately frozen at —20 "C. These
supernatants were then used for granulocyte migration
assays.

PBMC were seeded in PBMC medium (2 x 107 in
9 ml) supplemented with 5 pg/ml PHA-P, incubated 6 h
at 37 "C with or without purified Stx1 (33 CDsy/ml),
then resuspended, washed, and lysed as described for
IIEL in 600 pl RLT buffer and stored at —70 "C.

2.3. RNA isolation procedure

Samples of all conditions (ilEL without incubation,
ilEL incubated and mitogen-stimulated and PBMC
incubated and mitogen-stimulated) were handled in the
same way. The samples were thawed 5 min at 37 “C and
homogenized by passing through a 20 Gauge-needle
fitted to a 5 ml-syringe. For RNA extraction, the
RNeasy ™ Mini Kit (Qiagen) was used following the
instructions of the manufacturer with slight modifica-
tions. A first DNA digestion step was made on the
column with 27 units of DNase I (RNase-free-DNase
set, Qiagen) during 20 min at room temperature. After a
wash in RW1 buffer (Qiagen), and elution of RNA in
DEPC-treated water (Fermentas GmbH, St Leon-Rot,
Germany), a second DNA digestion step was performed
with 30 units of DNase I (Amersham Biosciences
Europe GmbH) for 20 min at 37 "C. RNA was protected
by 80 units of Ribonuclease Inhibitor (RNasin, Fer-
mentas GmbH). The DNase was then inactivated by
chemical (10 pl of 3 M sodium acetate, pH 4.6) and
physical (vortexing) denaturations. RNA was precipi-
tated with 99% ethanol for 2h at —70 "C. After
centrifugation (12.000 x g, 60 min, 4 "C), RNA was
washed, air-dried and resuspended in DEPC-treated

water supplemented with 40 units of RNasin.
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The absence of genomic DNA in the preparation was
checked by PCR for a housekeeping gene encoding the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
amplified with 1 unit of AmpliTaq"™ DNA polymerase,
25 mM MgCl,, 10x PCR buffer II (Applied Biosys-
tems, Darmstadt, Germany) and 5 M primers (Table 1,
MWG Biotech AG. Ebersberg, Germany). After a
denaturation step of 2 min at 94 “C, the amplification
was performed in 40 sequential cycles (15 s at 94 °C,
30s at 60°C, 30s at 72°C) followed by post-
elongation of 2min at 72 °C. PCR products were
analysed on a 2% agarose gel.

2.4. Reverse transcription and cytokine and
chemokine-specific real-time PCR

One microgram of total RNA was reverse transcribed
by using an oligo d(T) s primer (Applied Biosystems).
After annealing for 5 min at 70 °C with 0.5 pg oligo
d(T),¢. the reverse transcription (RT) reaction was
carried out in a volume of 40 1 for 60 min at 40 “C with
200 units of M-MLV reverse transcriptase H(—)
(Promega, Mannheim, Germany) using the recommen-
dations of the manufacturer in the presence of 40 units

RNasin. A cytokine and chemokine mRNA profile was
established from freshly isolated ilEL in the absence of
Stx1. cDNA from ilEL were subjected to semi-
quantitative PCR using the reagents and PCR conditions
described above for the GAPDH control PCR (for
primers see Table 1).

For mitogen-stimulated ilEL and PBMC a real-time
PCR was performed; primers (purchased from MWG
Biotech AG) and probes (purchased from Eurogentec,
Licge, Belgium) are shown in Table 1. Probes were
labelled at the 5'-end with the reporter dye FAM (6-
carboxyfluorescein) and at the 3’-end with the quencher
dye TAMRA (6-carboxytetramethyl-rhodamine). PCR
amplification was performed on an automated fluorom-
eter (ABI PRISM™ 5700 Sequence Detection System.,
Applied Biosystems) using 96-well optical plates. Each
sample was analysed in duplicates. For PCR, 1.5 pl
c¢DNA (corresponding to 37 ng of total cDNA) were used
in a 25 ul PCR reaction mixture containing 12.5 pl
qPCRT'\l MasterMix (Eurogentec), 300 nM of each
primer and 200 nM probe. Amplification conditions
were the same for all targets assayed: one cycle at 50 °C
for 2 min, one cycle at 95 “C for 10 min and 40 cycles at
95 °C for 15 s and at 60 “C for 60 s.

Table 1

Sequences of primers and probes used in this study

Specificity Primers (5'-3') and probes (5'-6-FAM-TAMRA-3") Reference

IL-2 Forw GGA TTT ACA GTT GCT TTT GGA GAA A Leutenegger et al. (2000)
IL-2 Rev GCA CTT CCT CTA GAA GTT TGA GTT CTT

TagMan™ probe CGT GCC CAA GGT TAA CGC TAC AGA ATT GAA

IL-4 Forw CAT GCATGG AGC TGC CTG TA Waldvogel et al. (2000)
IL-4 Rev AAT TCC AAC CCT GCA GAA GGT

TagMan™ probe TGC TGC CCC AAA GAA CAC AAC TGA GAA G

IL-8 Forw CAC TGT GAA AAATTC AGA AAT CAT TGT TA Leutenegger et al. (2000)
IL-8 Rev CTT CAC CAA ATA CCT GCA CAA CCT TC

TagMan™ probe
IL-10 Forw
IL-10 Rev
TagMan™ probe
IFN-vy Forw
IFN-y Rev
TagMan™ probe
TGF-B Forw
TGF-3 Rev
TagMan™ probe
IP-10 Forw
IP-10 Rev
TagMan™ probe
MCP-1 Forw
MCP-1 Rev
TagMan™ probe
GAPDH Forw
GAPDH Rev
TagMan™ probe

AAT GGA AAC GAG GTC TGC TTA AAC CCC AAG
CCA AGC CTT GTC GGA AAT GA

GTT CAC GTG CTC CTT GAT GTC A

AGC CTG TGG CAT CAC CTC TTC CAG GTA A
CAG CTC TGA GAA ACT GGA GGA CTT

TGG CTT TGC GCT GGA TCT

AGC TGATTC AAATTC CGG TGG ATG ATCT
GGC CCT GCC CTTACATCT G

CGG GTT GTG CTG GTT GTA CA

CCT GGA TAC ACA GTA CAG CAA GGT CCT GG
AAG TCATTC CTG CAA GTC AAT CCT

TTG ATG GTC TTA GAT TCT GGATTC AG

CCA CGT GTC GAG ATT ATT GCC ACA ATG A
CGC TCA GCC AGATGC AAT TA

GCC TCT GCATGG AGATCT TCT T

CCC AAG TCG CCT GCT GCT ATA CAT TCA A
GCG ATA CTC ACT CTT CTA CCT TCG A

TCG TAC CAG GAA ATG AGC TTG AC

CTG GCATTG CCC TCA ACG ACC ACT T

Present study

Waldvogel et al. (2000)

Present study

Taubert et al. (2006)

Taubert et al. (2006)

Taubert et al. (2006)
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Semiquantitative analyses used the comparative Ct

method (AACT method) according to the instructions of

the manufacturer of the 5700 sequence detector and
reported as differences in comparison to the ‘“‘med-
ium + PHA-P”" control (which was set as 100%) after
normalizing the samples referring to the housekeeping
gene GAPDH. The analysis of real-time PCR Cy values
revealed that the expression of GAPDH was conserved
between 1lEL cultured in medium supplemented with
PHA-P and ilEL cultured with PHA-P + Stx1 (25.9 +
3.8 versus 25.5 + 2.1, respectively, after 4 h of culture;
24.8 £ 2.5 versus 24.8 £ 1.7 after 6h; 25.7+2.1
versus 25.5 + 0.9 after 8 h; 22.4 + 0.7 versus 22.8 +
0.8 after 24 h; mean Cr£S.D. of five to nine
experiments).

2.5. Bovine granulocyte migration assay

Derived from Galligan and Coomber (2000), an
original method using dyed-cells was established to
count migrating granulocytes by flow cytometry.
Granulocytes were separated from PBMC by density
gradient centrifugation (Menge, 2003a) with Ficoll-
Paque™ Plus (Amersham Biosciences Europe GmbH).
Two millilitres from the pellet were diluted 1:1 with

PBS-EDTA and erythrocytes were lysed with 27 ml of

distilled water. After 50 s, 3 ml of 10-fold concentrated
PBS-EDTA and 16 ml of RPMI 1640 were added to
restore the osmolarity. Granulocytes were washed with
PBS and resuspended in medium containing RPMI
1640, 10% FCS, and 3 wM B-mercaptoethanol. The
purity was checked by flow cytometry. Preparations
with a purity greater than 90% granulocytes were
pooled. After culturing PHA-P-stimulated ilEL for 8 or
18 h in the absence or presence of Stx1, supernatants
(agonists) were obtained by centrifugation at
10,000 x g for 10 min and transferred into 12-well
plates (i.e. lower compartment of the migration
chamber). Culture supernatant of PBMC stimulated
with 5 pg/ml concanavalin A and 200 IU/ml of rhulL-2
was used as a positive control for induced migration.
The upper compartments of all migration chambers
(12 mm-Transwell ™ clear culture inserts, 3 wm-pores,
Corning Costar, Germany) were placed in the wells and
each filled with medium containing 5 x 10° granulo-
cytes. After a 2 h-incubation at 37 “C, granulocytes of
both compartments were harvested.

BL-3 cells (ECACC 86062401), a bovine B
lymphoma cell line, were incubated with 1.5 pg/ml
of 3-3'-dioctadecyloxacarbocyanine perchlorate (DiO,
Molecular Probes, Leiden, The Netherlands) for [ h at
37 “C in the dark under constant agitation (100 rpm).
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DiO-BL-3 cells were centrifuged (202 x g, 7 min at
RT), washed twice in PBS and resuspended at the
density of 1 x 10°ml ', The cells were fixed by
diluting 1:1 in paraformaldehyde 4% (PFA in PBS, 2%
f.c.), and incubated 30 min in the dark at 20 “C. Until
the end of the procedure, BL-3 cells were protected
from light and stored on ice. Finally, DiO-BL3 cells
were centrifuged (202 x g, 7 min at 4 "C), washed and
resuspended in PBS. The morphology and the
fluorescence were checked by flow cytometry.
Granulocytes were counted with DiO-BL-3 cells as
counting particles. DiO-BL-3 cells (1.5 x 10" were
added to each of the 500 pl volumes derived from the
different compartments of the migration chambers. A
document was created with the acquisition-software
Cell Quest Pro (Becton-Dickinson) to discriminate the
different populations of cells. Acquisition was stopped
after 1,000 DiO-BL-3 were counted. The
spontaneous migration of granulocytes, evaluated as
the migration of granulocytes in chambers in which the
lower compartment was filled with non-conditioned
medium (freshly prepared IEL-medium not having been
in contact with cells), was used as a reference (100%).

cells

2.6. Quantitation of intracellular cytokines by flow
cytometry

Ileal IEL were resuspended in 2.5 ml of I[EL-medium
at the density of 2 x 10°ml~'. For stimulation, 1EL-
medium was supplemented with 50 ng/ml of phorbol-

12-myristate-13-acetate  (PMA, Phagoburst®  Kit,
ORPEGEN Pharma, Heidelberg, Germany) plus

I pg/ml of ionomycin (Sigma—Aldrich). lleal IEL were
then incubated with or without purified Stx1 (200 CDsy/
ml) for 6 or 24 h at 37 "C in 5% CO, and 95% humidity.
Brefeldin A (10 pg/ml, Sigma—Aldrich) was added 1 or
8 h, respectively, after the incubation began.

At the end of the incubation period, ilEL were
resuspended, centrifuged (202 x g, 7 min. and 20 “C),
washed once with PBS-EDTA, and once with PBS. The
staining procedure was performed in 96-well plates
(Nunc, Wiesbaden, Germany) with 4 x 10° cells per
well. Briefly, cells were centrifuged (150 x g, 7 min,
4 °C), fixed in PFA 1% (Merck, Darmstadt, Germany) for
10 minin the dark onice. washed once and permeabilized
5 min on ice in PBS supplemented with 0.1% saponin
(Merck) and 0.1% sodium azide (Merck). The detection
of cytokines was performed by incubation for 20 min in
the dark on ice with antibodies against bovine IFN-vy
(clone CC302), bovine IL-4 (CC303), and human TGF-3
(TB21; all antibodies purchased from Serotec, Germany,
diluted in PBS supplemented with 1% bovine serum
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albumin, 0.1% saponin, and 0.1% sodium azide) or with
isotype controls (irrelevant antibodies directed against C.
perfringens phospholipase C and [2-toxin). The
homology between the mature forms of human and
bovine TGF- proteins (Alevizopoulos and Mermod,
1997; Van Obberghen-Schilling et al., 1987) allowed us
touse an anti-human TGF-3 antibody. A goat anti-mouse
IeG (H + L) antibody conjugated with FITC (3.4 pg/ml,
Dianova) was used as a secondary antibody. Cells were
analysed with a FACSCalibur™ flow cytometer. Five
thousand events were acquired for each sample. Gates
were defined according to the negative control (PBS) and
the respective isotype controls defining less than 2% of
the cells as positive.

2.7. Experiments addressing the impact of the
enzymatic activity of Stx! and the induction of
apoplosis

For stimulation, ilEL (2.5 x 107) were cultivated in
9 ml of IEL-medium supplemented with 2.5 pg/ml of
PHA-P for6 or 20 hat 37 "C and 5% CO> in the presence
of either (a) actinomycin D (2 pg/ml, Sigma—Aldrich),
(b) purified Stx1 (200 CDsy/ml), (c) purified rStxBl
subunit (10 pwg/ml), (d) anti-CD77 antibody (clone 38.13,

Table 2

Percentages of apoptotic cells in cultures of Ramos cells and bovine ilEL

50 pg/ml; for the functional assays kindly provided by J.
Wiels [Institut Gustave Roussy, Villejuif, France]) pre-
incubated 1 h at 37 “C with a goat anti-rat [gM (10 pg/
ml, Dianova), (e) LPS (1 ng/ml, Sigma—Aldrich), or (f)
10 pg/ml of Brefeldin A and 200 CDsy/ml of Stx1. Ileal
IEL were also incubated with the corresponding controls
(Table 2). The recombinant rStxB 1 subunit was prepared
from the E. coli DH5a [pSUIO8] strain as already
described (Stamm et al., 2002). Ramos cells were used as
a positive control for Stxl- and rStxBl-induced
apoptosis. Ramos cells, a kind gift of M. Oppermann
(Georg-August University, Gottingen, Germany), were
cultured in 2.5 ml of medium (RPMI 1640 supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin, and
10% FCS) at the density of 6 x 10°ml™" in the
conditions mentioned in Table 2.

After the incubation, ilEL and Ramos cells were
centrifuged for 5 min at 350 x g at 20 "C, and washed
once in PBS. RNA was isolated only from ilEL (2 x 107
cells) using the QIAGEN RNeasy " Mini Kit. Reverse
transcription and real-time-RT-PCR were performed as
described above to investigate the IL-4 mRNA
production by ilEL.

In order to evaluate phosphatidylserine surface
expression and membrane integrity, ilEL or Ramos

Cell type and condition of incubation 6 h incubation

20 h incubation

Early apoptotic

Late apoptotic/necrotic

Early apoptotic Late apoptotic/necrotic

Ramos cells

Medium nt. n.t. 17.9 £ 8.7 33+ 14
Actinomycin D (2 pg/ml) nt. n.t. 7724125 15820
Stx1 (200 CDsg/ml) n.t. n.t 78.8 + 4.1 1454+ 4.0
Stx1 + anti-StxB1 Mab (1.5 pg/ml) n.t. n.t. 21.2 9.1 35+41.2
rStxB1 (10 pwg/ml) n.t. n.t. 527472 82443
Anti-StxB1 Mab (1.5 pg/ml) nt. n.t. 20.2 £ 8.6 4.0+£2.0
Gbs/CD77 cross-linking® nt. n.t. 17.6 £ 9.2 52+3.1
Brefeldin A (10 pwg/ml) nt. n.t. 34.0 £ 15.0 11.0+6.1
Brefeldin A + Stx1 n.t. n.t. 433 + 18.0 13.1 £7.7
Ileal IEL
Medium 297+£114 355154 344 16.2
Actinomycin D (2 pg/ml) 302 £ 104 41.0 £ 4.1 49.9 44.6
Stx1 (200 CDsg/ml) 263 +94 40.9 £5.8 32.8 17.9
Stx1 + anti-StxB1 Mab (1.5 p.g/ml) 29.1 £103 392+74 32.0 17.9
rStxB1 (10 pg/ml) 268 £ 125 37.6 £59 32.8 19.0
Gb,/CD77 cross-linking® 27.1 £89 383 +£57 35.8 17.8
LPS (1 ng/ml) 30.1 £9.1 36.3£49 354 16.3
Brefeldin A (10 pg/ml) 274 +64 36.4+£6.3 39.5 30.8
Brefeldin A + Stx1 252+76 375+ 7.7 39.7 294

Data presented are arithmetic mean £ S.D. of three independent experiments (one experiment for ilEL incubated 20 h) with duplicate

determinations each.

* For the cross-linking of Gby/CD77, the cells were treated with a rat anti-CD77 MADb (50 pg/ml) pre-incubated with a goat anti-rat IgM

(10 g/ml).
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cells were transferred in 96 U-shaped plates (2 x 10° per
well), centrifuged 3 minat400 x g,20 “Cand stained for
20 min at 25 "C in the dark with 5 pl of Annexin-V-PE
(Coulter, Germany, diluted 1:10 in Ca**-containing
Annexin-V binding buffer) and 100 pl of Annexin-V
binding buffer containing 1 pg/ml of 7-AAD (Sigma—
Aldrich). Before analysis, cells were centrifuged, washed
once in Annexin-V binding buffer and transferred into
200 pl PBS. Single positive (Annexin-V*) cells were
considered as early apoptotic while double-positive
(Annexin-V', 7-AAD") cells were considered as late
apoptotic/necrotic. Five thousand events were acquired
by a FACSCalibur'™ flow cytometer.

2.8. Statistical analysis

Data (Table 2 and Fig. 3 excepted) were analysed
statistically by Student’s f-test for normal distributed
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data and by Mann-Whitney Rank Sum test for non-
normal distributed data by using the SigmaStat (version
2.03) software (SPSS Inc., USA). Results were evaluated
as follows: highly significant (P < 0.001), significant
(""P < 0.01), weakly significant (‘P < 0.05). Results
were considered not significant if £ > 0.05; in this case
the results of the statistical analyses were omitted from
the figures.

3. Results
3.1. Immunophenotyping of bovine ilEL

Isolated cells displayed a phenotype as previously
described for bovine ilEL (Menge et al., 2004a, b;
Wyatt et al., 1999): the majority of cells were CD8"
(51.4 £ 11.7%: mean & S.D.). fewer were CD4"
(19.4 +£ 11.6%), and only small numbers expressed
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Fig. 1. Relative amounts of gene transcripts harboured by bovine ilEL upon cultivation in the presence of purified Stx1. PHA-P-stimulated (2.5 pg/
ml) cells were incubated 6 and 24 h (A), or 4. 6. and 8 h (B) with Stx1 (200 CDsy/ml as determined on Vero cells). Subsequently, mRNA was
reversely transcribed and quantified by real-time PCR. The transcription of the housekeeping gene GAPDH was used for normalization of the
samples. Cells incubated with medium and PHA-P were used as a control (=100% as visualized by the black line). Data represent the arithmetic

mean + S.E.M. of the results obtained with ilEL preparations from

five (A) and six (B) different animals. Significant cytokine production was

determined by Mann—Whitney rank sum test and levels of significance were depicted if P < 0.05. Asterisk above the bracket indicates a significant
difference between embraced bars, asterisk above bar indicates significant difference to the medium + PHA-P control.
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the B cell marker CD21 (6.4 £4.0%); 25.1 £4.2% of
cells expressed the v TCR and 8.1 £ 1.8% expressed
Gbs/CD77, the Stxl receptor (Menge et al., 1999;
Stamm et al., 2002); 61.1 £104% of cells also
expressed CD25, pointing to an activated state of the
majority of ilEL in vivo.

3.2. Chemokine gene transcripts in UEL cultured in
the absence or presence of Stxl

Bovine ilEL were capable of producing mRNAs for
IL-8, IP-10, and MCP-1. Transcripts of the respective
genes were detectable by RT-PCR in freshly isolated
IIEL (data not shown) as well as in mitogenically
stimulated cells cultured for up to 24 h. However,
supplementation of PHA-P stimulated ilEL cultures
with 200 CDsy/ml of purified Stx1 (as quantified on
Vero cells) did not significantly alter the relative
amounts of specific transcripts for these chemokines
within 6 and 24 h of cultivation (P > 0.05, Fig. 1A). A
more immediate response to the toxin could be ruled out
by reducing the cultivation period to 4 h in a separate set
of experiments with IEL preparations
additional animals (Fig. 1B).

from six

3.3. Release of chemoattractants by ilEL cultured
in the absence or presence of Stxl

The inability of Stx1 to influence the production of
granulocyte chemoattractant factors by ilEL was also
confirmed on the protein level (Fig. 2). A culture-
supernatant of stimulated PBMC, used as a positive
control, efficiently induced the attraction of granulo-
cytes into the lower chamber of the migration system.
The release of chemoattractants into the culture
supernatants was lower by ilEL compared to the
PBMC control. Nevertheless, the migratory activity of
granulocytes towards 1IEL supernatants significantly
exceeded that towards mnon-conditioned medium
(P < 0.01), indicating that ilEL stimulated by PHA-P
for 8 and 18 h did release chemoattractant factors.
However, significant differences in the migration rate
towards culture supernatants derived from ilEL incu-
bated in the presence or absence of Stx1 (200 CDsy/ml)
could not be detected (£ > 0.05).

3.4. Effect of Stxl on the relative number of
cytokine gene transcripts in ilEL

Semi-quantitative RT-PCR revealed that ilEL ex vivo
also harbour transcripts for the Ty-prototype cytokines
IL-2, IEN-y, IL-4, IL-10 and TGF-B (data not shown).
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Fig. 2. Migratory activity of bovine granulocytes towards superna-
tants obtained from bovine ilEL cultures incubated in the absence or
presence of Stx1. Bovine granulocytes were allowed to migrate for 2 h
at 37 "C towards the lower compartment containing agonists (ilEL
supernatants; stimulated PBMC supernatant as positive control), then
harvested and counted. The results are expressed relative to the
spontaneous granulocyte migration occurring in migration chambers
in which the lower compartment was filled with non-conditioned (i.e.
fresh) medium (=100% as visualized by the black line). Data represent
mean + S.E.M. of the values from migration assays with six inde-
pendently obtained ilEL culture supernatants. Statistical analysis
revealed that the induced migration towards PBMC and ilEL condi-
tioned supernatants significantly exceeded the spontancous migration
towards the non-conditioned medium (*°P < 0.01).

In order to assess whether Stx1 is able to alter the
cytokine gene transcription, ilEL were PHA-P stimu-
lated in vitro and simultaneously treated with 200 CD 5/
ml of Stxl for up to 24 h. Real-time PCR analysis
showed that Stx1 had no influence on the ilELs content
of mRNA specific for both, the pro-inflammatory Tyl
cytokines IL-2 and IFN-v and for the anti-inflammatory
Ty3 cytokine TGF-B  after all incubation times
investigated (Fig. 1A and B). Stx1 likewise did not
affect the relative amounts of i/- /0 transcripts (Fig. 1A),
even though they were detectable in small numbers
(data not shown, Cr values 39—40). In contrast, Stx1-
treatment led to a significant increase in the relative
amounts of mRNA specific for the Ty2-type cytokine
IL-4 after 6 h of incubation (P < 0.05, Fig. 1A). Six1
specifically increased the number of il-4 transcripts as
early as after 4 h of incubation (4.5-fold the medium
control) and this effect was dramatically amplified in
the next hours to reach a maximum after 8h of
incubation (42-fold the medium control, Fig. 1B). The
effect could be efficiently neutralized by pre-incubation
of Stx1 with an anti-StxB1 antibody (Figs. 3 and 5).
Although ilEL preparations from several animals
differed in their sensitivity to StxI, even minute
concentrations of Stx1 (P < 0.05; 22 CDsy/ml) turned
out to be sufficient to induce a prominent increase in
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IL-4 specific mRNA after 6 h of incubation (Fig. 3).
Nevertheless, this effect was no longer detectable after
the iIEL were incubated for 24 h in the presence of
200 CDsp/ml Stx1 (P > 0.05; Fig. 1A).

Bovine IEL were particularly sensitive to an Stx1-
induced increase in IL-4 mRNA since bovine PBMC
incubated for 6 h with 33 CDsy/ml of Stx1 did not
exhibit any significant increase in /-4 transcripts (data
not shown).

3.5. Cytokine synthesis by ilEL in the absence or
presence of Stxl

The subsequent production of selected cytokines by
unstimulated and stimulated ilEL was quantified by
flow cytometry on a single cell level. Since a first series
of experiments with ilEL preparations from three
animals had revealed that stimulation of the cells with
PHA-P failed to detectably facilitate the production of
the cytokines under investigation (data not shown), the
following experiments were carried out using PMA and
ionomycin as stimulating agents. Ileal IEL were
cultured 1 and 8 h in the absence or presence of
200 CDsp/ml Stx1 and then incubated in the presence of
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Fig. 3. Effect of purified Stx1 on the amounts of IL-4-specific mRNA
in bovine ilEL cultures. PHA-P-stimulated (2.5 pg/ml) cells were
incubated for 6 h with different concentrations of Stx1 (7. 22, 66. and
200 CDso/ml as determined on Vero cells) or with 200 CDsg/ml of
Stx! and 1.5 pg/ml of anti-StxBIl antibody 13C4. Subsequently,
mRNA was reversely transcribed and quantified by real-time PCR.
The transcription of the housekeeping gene GAPDH was used for
normalization of the samples. Cells incubated with medium and PHA-
P were used as a control (=100% as visualized by the black line). Data
represent arithmetic mean = S.E.M. of the results obtained from three
different animals. Significant cytokine production was determined by
Mann—Whitney rank sum test and levels of significance were depicted
if *P < 0.05.

brefeldin A for further 5 and 16 h, respectively, in order
to prevent the secretion of newly synthesized protein.
The Fig. 4 shows that [L.-4 was produced by only a small
portion of cells (approximately 3%) after both, short
(6 h) and long-term (24 h) incubation and production
was not augmented by stimulation of the cells with
PMA and ionomycin. Stx1 did not affect the percentage
of iIEL expressing IL-4 protein under either condition
(P > 0.05). Similarly, despite a slight increase after
24 h of cultivation, the percentage of TGF-f3 producing
IIEL was low (approximately 8%) and was not affected
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Fig. 4. Percentage of bovine ilEL capable of synthesizing certain
cytokines in vitro upon incubation in the absence or presence of Stx1
(200 CDsg/ml as determined on Vero cells). Cells were left unstimu-
lated or stimulated with PMA (50 ng/ml) plus ionomycin (10 p.g/ml)
for 6h (A) and 24 h (B). Brefeldin A (10 pg/ml) was added 1 h (A)
and 8 h (B), respectively. after the beginning of the incubation. At the
end of the incubation period, cells were fixed, permeabilized, and
intracellular cytokines were immunodecorated. Subsequent FACS
analysis was performed by acquisition of 5,000 cells for each sample.
Gates were defined according to the negative and isotype controls
(irrelevant antibodies) defining less than 2% of the cells as positive.
Data are arithmetic mean £ S.E.M. of five independent experiments
with duplicate determinations. No statistical significant difference was
found between cells incubated in the absence or presence of Stx1.
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by the toxin (£ > 0.05). Even though Stx1 is known as a
potent protein synthesis inhibitor, ilEL cultures
stimulated with PMA and ionomycin and supplemented
with 200 CDsp/ml of Stx1 still retained their ability to
produce IFN-vy protein (approximately 44% after 24 h).
Moreover, the toxin had no detectable effect on the
percentages of ilEL that synthesized this Tyl-type
cytokine within 6 or 24 h (P > 0.05). While stimulation
of IFN-y production by PMA/ionomycin resulted in a
prominent increase in the mean fluorescence intensity
of the cells indicating an increased average cellular
content of the cytokine, significant differences in this
parameter between cells cultured in the absence and
presence of Stxl could not be observed for either
cytokine (data not shown).

3.6. Stxl-induced increase in il-4 transcripts is
apoptosis-independent yet it requires the enzymatic
activity of Stxl

As the induction of apoptosis by other ribosome
inactivating toxins is accompanied by an increase in the
expression of IL.-4 (Stein et al., 2000), we investigated
whether the observed increase in IL-4 mRNA in bovine
iIEL could be a side effect of Stx1-induced apoptosis.
Ramos cells, used as a positive control system (Tétaud
etal., 2003), expressed Gbs/CD77 (data not shown) and
addition of Stx1 (200 CDsp/ml) or actinomycin D
comparably induced apoptosis after 20 h as detected by
phosphatidylserine exposure on the cell surface
(Table 2). Anti-StxB1 antibody neutralized this effect
by reducing the percentage of apoptotic cells to a level
comparable to the medium control. Apoptosis by Stx1
reportedly may also originate, independently of the
enzymatic activity of the Stx1 holotoxin, from the
triggering of the Stx receptor Gby/CD77. Indeed. an
increase in the percentage of apoptotic cells could be
induced in Ramos cells by addition of the B-subunit of
Stx1 (rStxB1; 10 pg/ml) lacking the enzymatic activity
of the holotoxin. In turn, the pro-apoptotic effect of the
holotoxin was partially prevented by the Golgi inhibitor,
brefeldin A, suggesting that both, triggering of the
receptor by rStxBl-binding and holotoxin uptake
contribute to the induction of apoptosis in Ramos cells.
In contrast to Tétaud et al. (2003). however, no
apoptosis was induced by cross-linking Gbs/CD77
with anti-CD77 38.13 and anti-rat IgM.

Upon staining with Annexin-Vand 7-AAD, 41.9% of
bovine ilEL appeared apoptotic and/or necrotic after the
isolation procedure (data not shown). Incubation of the
cells with PHA-P increased the portion of apoptotic
cells to 65.2% (Table 2). Nevertheless. the RNA-
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synthesis inhibitor actinomycin D, used as a positive
control, was still capable of inducing further cellular
death within 20 h of cultivation. In contrast, neither
supplementation of the ilEL cultures with Stxl
holotoxin nor with rStxBl subunit accelerated the
onset of apoptosis in ilEL cultures within 6 and 20 h of
incubation.

Actinomycin D treatment also induced a decrease
in the overall mRNA quantity (data not shown), and
even significantly decreased the relative amounts of il-
4 transcripts in PHA-P stimulated bovine ilEL after
6 h of incubation (£ <0.01; Fig. 5). This further
supports the notion that the Stx1-induced increase in
[L-4 specific mRNA does not result from an onset of
apoptosis.

The effect of the holotoxin compulsory relied on its
enzymatic activity, as rStxB1 alone failed to alter the
relative amount of il-4 transcripts. Pre-incubation of
iIEL with brefeldin A almost completely blocked the
effect of the holotoxin further pinpointing the impor-
tance of the uptake of the holotoxin into the cells.
Neutralization of Stx1 by anti-StxB1 antibody and the
failure of the endotoxin LPS to cause comparable
effects finally confirmed that the effect was specific for
Stx1 (Fig. 5).
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Fig. 5. Effect of different agents on the amounts of IL-4 specific
mRNA in bovine ilEL cultures. PHA-P stimulated (2.5 pg/ml) cells
were incubated for 6 h in the presence of different agents (for
concentrations see Section 2). Subsequently. mRNA was reversely
transcribed and quantified by real-time PCR. The transcription of the
housekeeping gene GAPDH was used for normalization of the
samples. Cells incubated with medium and PHA-P were used as a
control (=100% as visualized by the black line). Data presented are
arithmetic mean + S.E.M. from experiments with three ilEL prepara-
tions obtained from different animals. ActD: actinomycin D; CD77
cross-linking: incubation with anti-CD77 and anti-rat 1gM; LPS:
lipopolysaccharide. BFA: brefeldin A. Significant differences to the
medium + PHA-P control were determined by Student’s /-test and
levels of significance were depicted if ™"P < 0.01 or "P < 0.03.
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4. Discussion

Without causing cellular death, Shiga toxin 1 (Stx1)
inhibits the activation of bovine peripheral (Menge
et al., 1999, 2003b) and ileal intraepithelial lympho-
cytes (ilEL) in vitro (Menge et al., 2004a) and in vivo
(Menge et al., 2004b), but the consequences in situ are
yet to be elucidated. Since Stxs can increase the
cytokine production of several cell types (Harrison
et al., 2005, 2004; Ramegowda and Tesh, 1996; Tesh
et al., 1994; Thorpe et al., 1999, 2001). we speculated
that, in cattle, Stx1 has the potential to modulate the
lymphocytes” expression of soluble factors that
participate in the mucosal immune regulatory network.
In support of this hypothesis, the present study revealed
that concentrations of Stxl in the picogram range
(Menge et al., 1999) led to an immediate increase in the
cellular content of 1L-4 specific mRNA. Although
peripheral blood mononuclear cells (PBMC) and ilEL
transcribed a number of different cytokine and
chemokine genes, the effect of Stx1 at low concentra-
tions was considerably specific in that it was restricted
to il-4 and occurred in ilEL only.

Our data provide the first evidence that bovine ilEL
produce both chemokine mRNAs and proteins, indicat-
ing that these cells actively contribute to the recruitment
of immune cells to the bovine intestinal mucosa.
However, neither the relative amounts of certain
chemokine mRNA transcripts nor the total release of
granulocyte chemoattractants were altered by incuba-
tion with Stx1. These results supplement observations
that Stx1 fails to stimulate bovine intestinal epithelial
cells to release granulocyte chemoattractants in vitro
(Stamm et al., 2006) and to intestinal
inflammation in vivo (Stevens et al., 2002). By contrast,
Stx1 strongly induces several chemokines in human
epithelial cells (Thorpe et al.. 1999, 2001). The
subsequent recruitment of neutrophils is part of a
severe inflammation during human STEC infections
(Hurley et al., 2001). Although comparative experi-
ments with human I[EL are pending, Stx1 does not seem
to act as a proinflammatory factor in cattle as it does in
humans (Proulx et al., 2001). These findings add to our
understanding why STEC are able to colonize their
bovine host without disturbing the intestinal home-
ostasis.

In contrast to the other cytokines investigated, Stx1
specifically increased the relative amounts of il-4
transcripts as early as after 4 h of incubation thereby
substantiating preliminary data (Menge et al., 2004a).
When the amounts of different (transcripts were
calculated relative to the amount of transcripts specific
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for gapdh in each sample (data not shown), it became
apparent that, after incubation with Stx1, il-4 transcripts
became the most abundant cytokine mRNA species.
The amount of IL-4 mRNA even exceeded 10-fold the
amount of TGF-3 mRNA, the latter of which dominated
in PHA-P stimulated ilEL cultures without Stxl
treatment. IL-4 mRNA continued to be the major
mRNA species until 8 h of incubation and decreased to
baseline levels only after overnight culture. Since
Grogan et al. (2001) found that appropriately stimulated
murine T cells transcribe il-4 within hours, the Stx1-
induced increase in IL-4 mRNA may result from an
elevated transcriptional activity. On the other hand, Stx1
can induce the accumulation of certain cytokine/
chemokine mRNA transcripts within 4-8 h by increas-
ing the half-life of the mRNA (Harrison et al., 2004;
Thorpe et al.. 2001). As the translation-dependent
mRNA degradation occurs in a transcript-specific
fashion in mammalian cells (Jacobson and Peliz,
1996; Ross, 1995), it remains to be determined whether
Stx1 increases the amount of [L-4 mRNA in bovine
ilIEL by inducing de nove mRNA synthesis or by
delaying the degradation of pre-existing transcripts. In
both instances, the effect of Stx1 appears to be restricted
to il-4 full-length transcripts which were exclusively
quantified with the primers used for the real-time PCR
(Table 1). Waldvogel et al. (2004) presumed a role of
mRNA splicing variants in the regulation of 1L-4
production. We also detected TL-482 splice variants in
bovine ilEL but semi-quantitative analysis did not
reveal any differences between ilEL incubated with or
without Stx1 (data not shown).

The inhibitory effect of Stx1 on different subsets of
bovine PBMC (Menge et al., 1999) correlates with the
varying expression of the Stx 1-receptor Gb;/CD77 on the
subpopulations (Menge et al., 2003b, 2001). We
previously showed that some cytokines implicated in
the pathogenesis of STEC infections in humans were
neither able to mimic nor to overcome the effect of Stx1
(Menge et al., 2003b). The results led us to conclude that
the inhibitory activity of Stx1 primarily results from a
direct effect on Gb3/CD77" bovine lymphocytes rather
than from altering intercellular signaling events (Menge
et al., 2003b). Bovine ilEL consist of a number of
different lymphocyte subpopulations each of which
contains cells in different states of activation (Menge
et al., 2004a). Similar to PBMC, Stx1 predominantly
affects the Gby/CD77" cells within the different ilEL
subpopulations in vitro (Menge et al., 2004a). It is
tempting to assume, therefore, that the increase in 1L-4
mRNA did notresult from altered cellular interactions but
occurred in ilEL that were directly affected by the toxin.



6. Vorgelegte Veroffentlichungen

378

Although IL-4 is a cytokine mainly produced by the
Ty2 subset of CD4* T cells under physiological
conditions, the cellular source of the Stxl-induced
IL-4 mRNA remains to be determined. Stx-receptors of
the Gbs/CD77 type are predominantly expressed by
bovine CD8a" T ilEL ex vive, but the expression of
Gb,/CD77 by bovine CD4" T ilEL can be induced in
vitro and these cells are equally sensitive to Stx1 then
(Menge et al., 2004a). The proportions of CD4" T cells
varied in our ilEL preparations, but the numbers of these
cells did not correlate with the magnitude of the Stx1’s
effect (data not shown). It cannot be excluded that Stx1
induced the transcription of IL-4 in a CD4-negative
subset of ilEL. In fact, mistletoe lectins, type 1l
ribosome-inhibiting proteins like Stx, are able to
stimulate the expression of IL-4 in human CD4" and
CDS8" T cells (Stein et al., 2000). This effect is strongly
associated with the expression of apoptotic markers
(Stein et al., 2000). Actinomycin D but not Stxl
treatment accelerated apoptosis in the bovine ilEL
cultures. Elevated levels of IL-4 mRNA are not a side
effect of Stx1-induced apoptosis, therefore. Whatever
the cellular source of Stx1-induced IL-4 mRNA might
be. bovine iIEL responding to Stx1 in situ also may not
undergo apoptosis but remain integrated in the mucosal
network and participate in the interaction between
STEC and the bovine mucosa.

The rStxB1 subunit induced apoptosis in Ramos
cells, but did not affect the number of i/-4 transcripts in
bovine ilEL. Similar to findings in human epithelial
cells (Yamasaki et al., 1999, 2004), the induction of
cytokine mRNA in bovine ilEL required the enzymatic
activity of Stx1. The cellular level of il-4 transcripts was
sensitive to very low concentrations of the toxin
(22 CDsgp/ml). Nevertheless, bovine ilEL retained their
ability to produce IFN-y and to respond to PMA/
ionomycin stimulation with a further increase in the
synthesis of this cytokine even in the presence of Stx1 at
200 CDsp/ml. Bitzan et al. (1998) also observed that
Stx1 increased the number of some mRNA species after
12-24 h in bovine endothelial cells at toxin concentra-
tions below those required for a detectable inhibition of
protein synthesis. At these concentrations, Stx even
increase the production of cytokine proteins in human
monocytes without significantly inhibiting the protein
synthesis machinery (Ramegowda and Tesh, 1996; van
Setten et al., 1996). Moreover, Stxl
“ribotoxic stress response”” (Smith et al., 2003; Thorpe
etal., 2001), ultimately leading to the production of, e.g.
IL-8 or TNF-« after translocation of NF-«kB and AP-1
(Sakiri et al., 1998). The discrepancy between the
significant increase in il-4 transcripts in Stxl-treated
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bovine iIIEL and the lack of a detectable increase in IL-4
protein synthesis apparently does not result from the
abrogation of protein synthesis.

Bovine vd T cells (Baldwin et al., 2002) and CD4*
and CD8" T cells from bovine blood and mesenteric
lymph nodes (Seder et al., 1992; Sopp and Howard,
2001) produce IFN-vy upon stimulation. However, PHA-
P, a T-cell activator through CD2, was unable to induce
a detectable IFN-vy protein production in bovine ilEL
after 10 or 18h of stimulation (data not shown).
Protocols previously established by others (Enomoto
et al., 1998; Paliogianni et al., 1996), used PMA, a
protein kinase C activator, in combination with
ionomycin, a Ca®* ionophore, to stimulate lymphocytes
for studies aimed at quantifying cytokines on a single
cell level. PMA treatment decreases the Gbs/CD77
expression on THP-1 cells (Ramegowda and Tesh,
1996), but stimulation of bovine ilEL with PMA/
ionomycin does not abrogate the cells sensitivity for the
activation-inhibiting effect of Stx1 (Menge et al.,
2004a). We adapted our stimulation protocol and
stimulation by PMA/ionomycin in fact resulted in
significant production of IFN-y. Nevertheless, Stx]
neither influenced the number of IFN-v nor the number
of IL-4 producing cells. Since different stimuli were
used to activate the cells prior to mRNA and prior to
protein quantitation the findings do not exclude the
possibility that Stx1 stimulates the expression of if-4 in
bovine ilEL even down (o the protein level under
physiological conditions in situ.

A Stxl-induced increase of mRNA levels by 100-
folds reportedly results in a much lower increase of the
concentration of the corresponding protein (Thorpe
etal., 2001). The detection method for intracellular IL-4
applied in the present study might not have been
sensitive enough to detect distinct increases in the
amount of IL-4. Notably, IL-4 producing cells only
formed a minority of ilEL while a higher number of
cells were capable of producing IFN-vy. The secretion of
newly produced proteins was blocked in our experi-
ments by brefeldin A only after at least 1 h of incubation
with Stx1 in order to first allow Stx1 to enter the cytosol
of the cells. It must be considered. therefore, that the
ilEL initially secreted amounts of [FN-vy sufficient to
rapidly and reciprocally down-regulate Ty2-cell activa-
tion (Rook et al., 2004) thereby hindering a potential
Stx1-triggered IL-4 synthesis at the posttranscriptional
level as described for other IFN-vy target proteins (Ben-
Asouli et al., 2002; Matsukura et al., 2003; Mazumder
and Fox, 1999). This may be particularly true for
PMA/ionomycin-stimulated ilEL. While stimulation
with ionomycin induces the transcriptional activity of
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the IL-4 promoter (Paliogianni et al., 1996), stimulation
by ionomycin plus PMA greatly enhances the produc-
tion of IFN-vy but not that of [L.-4 (Enomoto et al., 1998).

Most bovine STEC strains have an array of virulence
determinants (Geue et al., 2002; Wieler et al., 1998) that
allows them to interact with intestinal cells (Bérin et al.,
2002). It is unlikely that not at least one of these
determinants represents danger signal that
recognized by the local immune system and generates
an immune response (Simmons et al., 2001) terminating
STEC colonization even in the bovine host. We
hypothesized (Menge et al., 2004b) that STEC have
evolved additional strategies that retard intestinal
immune responses in cattle, permitting a commensal-
like lifestyle (Smith et al., 2002). During bovine
infections with Mycobacterium bovis, the extend of
lung pathology positively correlates with the production
of IL-4 by PBMC in response o mycobacterial antigen
invitro (Wedlock et al., 2003). However, IL-4 produced
in the intestinal mucosa rather represents an anti-
inflammatory factor in that it promotes TGF-f3 secreting
T3 cell differentiation and oral administration of 1L-4
enhances oral tolerance in mice (Inobe et al.. 1998). IL-
4 specifically down-regulates the responsiveness of
human CD8" IEL without affecting the proliferation of
peripheral CD8" T-cells (Ebert and Roberts, 1996)
suggesting a very localized modulation of gut immune
cells. As Stx1 is not directly cytolethal for bovine ilEL
(Menge et al., 2004a), 1L-4 represents an interesting
candidate for a mediator implicated in the depletion of
CDS8" ilEL during experimental STEC infections in
calves (Menge et al., 2004b). Further studies are
strongly encouraged to reveal the consequences of the
Stx1-induced of il-4 transcripts for the
synthesis of IL-4 protein and for the overall respon-
siveness of bovine ilEL. However, with respect to the
prominent role of IL-4 in the intestinal homeostasis
(Colgan et al., 1994; West et al., 1996) and in the
persistence of some bacterial infections (Hernandez-
Pando et al., 2004), it is tempting to assume even at the
present state that induction of il-4 transcription is one
mechanism by which human pathogenic Stx-producing
E. coli accomplish the enduring intestinal colonization
of their reservoir host.
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Although cattle develop humoral immune responses to Shiga-toxigenic (Stx*) Escherichia coli O157:H7,
infections often result in long-term shedding of these human pathogenic bacteria. The objective of this study
was to compare humoral and cellular immune responses to Stx* and Stx~ E. coli O157:H7. Three groups of
calves were inoculated intrarumenally, twice in a 3-week interval, with different strains of K. coli: a Stx2-
producing E. coli 0157:H7 strain (Stx2*(157), a Shiga toxin-negative E. coli O157:H7 strain (Stx~ 0157), or
a nonpathogenic E. coli strain (control). Fecal shedding of Stx2*O157 was significantly higher than that of
Stx~0157 or the control. Three weeks after the second inoculation, all calves were challenged with Stx2*0157.
Following the challenge, levels of fecal shedding of Stx2* 0157 were similar in all three groups. Both groups
inoculated with an O157 strain developed antibodies to 0157 LPS. Calves initially inoculated with Stx~ 0157,
but not those inoculated with Stx2* 0157, developed statistically significant lymphoproliferative responses to
heat-killed Stx2* 0157, These results provide evidence that infections with STEC can suppress the develop-
ment of specific cellular immune responses in cattle, a finding that will need to be addressed in designing

vaccines against E. coli O157:H7 infections in cattle

Enterohemorrhagic Escherichia coli (EHEC) is a common
cause of hemorrhagic colitis (HC) in very young, elderly,
and immunocompromised humans (16, 30). In the United
States, the EHEC serotype most often associated with bloody
diarrhea is O157:H7, but non-O157 EHEC serotypes have
caused significant outbreaks in the United States and abroad
(30, 35). Up to 10% of patients with EHEC-associated HC
develop hemolytic uremic syndrome, with resulting renal and
neurological damage and, occasionally, death (21). All EHEC
strains produce one or more cytotoxins called Shiga toxins
(Stx1 and Stx2) (27). which target endothelial cells, are be-
lieved to mediate much of the tissue damage during HC and
hemolytic uremic syndrome (29, 37), and can influence the
duration of Stx-producing E. coli (STEC) shedding by rumi-
nants (7).

Ruminants are important sources of EHEC O157:H7 strains
because they frequently shed STEC in their feces (26). Single
STEC O157:H7 clones can be repeatedly isolated from a herd
(6, 14), implying that these clones persist within that herd. This
could result from frequent transmission between and reinfec-
animals (3, 7, 8). Experimental infections of calves revealed
that several bacterial factors involved in the “attaching and
effacing” adherence of E. coli O157:H7 to epithelial cells (e.g.,
intimin [10], other products of the locus of enterocyte efface-
ment [11], and efa-7 [32]) promote bacterial colonization of the
intestinal mucosa. However, recent studies failed to link the

* Corresponding author. Mailing address: USDA, ARS, National
Animal Disease Center, P.O. Box 70, Ames, IA 50010. Phone: (515)
663-7376. Fax: (515) 663-7458. E-mail: enystrom@nadc.ars.usda.gov.

7 Published ahead of print on 18 October 2006.

induction of attaching and effacing to the establishment of
persistent infections in animals (4, 18).

Several lines of evidence support the hypothesis that Stx
can suppress the bovine immune response. Stx1 targets bo-
vine peripheral blood (23, 25, 31) and intraepithelial lym-
phocytes (IEL) (22) in vitro. Stx1 binds to Stx receptor-
expressing (Gb;-/CD77-positive) lymphocytes at early
activation stages (31) and blocks the proliferation of distinct
lymphocyte subpopulations (CD8a™ T cells, B cells) in vitro
(25). A significant partion of bovine CD8a™* IEL expresses
Stx-receptors in situ (22). Inoculation of ligated ileal loops
in 2-week-old calves with StxI-producing STEC reduces the
number of CD8a* IEL within 12 h (24). Direct evidence for
a suppression of immune cell functions in the course of
STEC infections in cattle, as observed during experimental
STEC infections in pigs (5), has been lacking. Although
bovine lymphocytes are sensitive to minute concentrations
of Stx1 and Stx2 (1, 12, 13, 25), Stxs do not completely
abolish the development of specific immune responses in
naturally and experimentally infected cattle. Antibodies
against O157 lipopolysaccharide (LPS), Stx1, and Stx2 are
frequently detected in bovine sera and mucosal secretions
(colostra) (17, 28). Since Stxl suppresses bovine lympho-
cytes in vitro without inducing cell death (25), we hypothe-
sized that in vivo, Stxs primarily reduce or delay the host’s
cellular immune response, thereby generating an opportu-
nity for STEC bacterial colonization. The objectives of the
present study were to monitor the levels and durations of
fecal shedding of Stx-producing (Stx™) and Stx-negative
(Stx™) E. coli and to examine specific cellular and humoral
immune responses in calves experimentally inoculated with
either human pathogenic Stx2* or S~ E. coli O157:H7
bacteria.
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FIG. 1. Fecal shedding of E. coli by calves inoculated with different strains. Numbers of inoculum bacteria recovered from feces of calves
inoculated with Stx2" E. coli O157:H7 strain 86-24 (St2"), Stx™ E. coli O157:H7 strain 87-23 (Stx™), or control E. coli O43:H28 strain 123
(Control) are shown. Samples which were negative by direct culturing methods (<100 CFU g~ ') were tested by enrichment culturing. All values
below the dashed line represent enrichment levels. Samples which were positive by enrichment analysis were given an arbitrary value of 10 CFU
g™', and those which were negative were given a value of 1 CFU/g. Arrows indicate dates of inoculation. Data are presented as mean numbers

(+ standard errors of the means) of CFU g™ for the indicated groups.

MATERIALS AND METHODS

Animals. Holstein calves 6 to 8 weeks old were purchased from local sources.
Calves were allowed to acclimate to the diet and conditions at the National
Animal Disease Center (NADC) for 3 weeks prior to oral inoculations. During
infections, the calves were housed in BL2 containment barns and fed a diet of
two-thirds grain and one-third hay. Animal care was in accordance with require-
ments of the NADC Animal Care and Use Committee and the Association for
Assessment and Accreditation of Laboratory Animal Care. Calves were eutha-
nized with sodium pentobarbital at the end of the study.

Inoculations. The strains used in this study were EHEC O157:H7 strain 86-24,
a streptomycin-resistant mutant of an Stx2-producing strain isolated from an
outbreak in Washington state (36); F. coli O157:H7 strain 87-23, a nalidixic-
resistant mutant of a strain isolated from the same outbreak as 36-24 and lacking
both Stx1 and Stx2 genes (19, 36); and, as a control strain, a nalidixic acid-
resistant mutant of £, coli strain 123 (043:H2R), a porcine isolate which does not
produce Stx and is not pathogenic in cattle (9). Escherichia coli cultures were
prepared and stored at —80°C as previously described (9).

Calves (five calves/group) were inoculated intrarumenally, on day 0 and day 21,
with approximately 100" CFU of strain 86-24 (Stx2+0157), 87-23 (Stx~0157), ar
123 (control) bacteria in 100 ml of trypticase soy broth {Becton Dickinson,
Cockeysville, MD) as previously described (11, 33). Three weeks after the second
inoculation (day 42}, all calves were similarly inoculated with Stx2*0157. This
third inoculation of all calves with the same Stx* O157 strain is referred to as the
“challenge™ to clearly differentiate it from the two initial inoculations of calves in
different groups with different strains.

Bacteriology. Freshly isolated fecal samples (approximately 2 g) were diluted
1:10 and serially diluted in sterile phosphate-buffered saline. Sorbitol-negative
STEC O157:H7 bacteria were quantitated on sorbitol-MacConkey agar (Oxoid,
Basingstoke, United Kingdom ) supplemented with streptomycin (200 pg per ml)
or nalidixic acid (20 pg per ml) to select for strains 86-24 or 87-23, respectively.
Randomly selected antibiotic-resistant, sorbitol-negative colonies were tested for
0157 LPS antigen by slide agglutination (Oxoid). IX. coli strain 123 bacteria were
quantitated on MacConkey agar (Becton Dickinson, Cockeysville, MD) contain-
ing 20 pg per ml of nalidixic acid. Enrichment cultures were performed by adding
up to 10 g of feces to trypticase soy broth containing 0.01% bile salts 3 (Difco,
Detroit, MI) to a final volume of 100 ml. These cultures were incubated over-
night, without shaking, at 37°C. Samples (100 pl) from enrichment cultures of
feces that were negative by direct plating were incubated on sorbitol-MacConkey
agar with the appropriate antibiotic. Enrichment plates were scored as either
positive or negative and were not quantitated. Positive enrichment cultures were
arbitrarily assigned a value of 10 CFU g~', and those which were negative were
given a value of 1 CFU/g. Student’s ¢ test was used to determine statistical
significance.

Detection of plasma antibodies to 0157 LPS and Stx2. Titers against 0157
LPS were determined by a blocking enzyme-linked immunosorbent assay (20},
using monoclonal antibody MARC 13B3 (38) and highly purified LPS from K.
cali O15THT (strain CDC EDL 933). MARC 13B3 lacks cross-reactivity with

other bacteria, such as Srucella spp. and Yersinia enterocolitica, a problem often
found with polyclonal antisera against O157. Endpoints were defined using
receiver-operator-characteristic analysis of 1:4 dilutions of known positive and
negative serum samples (20).

Vero cell cytotoxicity neutralization assays were performed as previously de-
scribed (15). Briefly, dilutions of plasma were added to samples containing Stx2.
After incubation for 1 h at 37°C, the plasma-toxin mixtures were added to Vero
cells and incubated at 37°C for 48 h. The cells were then stained for viability with
trypan blue. Antisera obtained from four calves hyperimmunized by subcutane-
ous injections with 100 pg of a noncytotoxic amino acid substitution mutant of
Stx2e (15) were pooled and used as a positive anti-Stx control serum. Antibodies
against Stx2e cross-reacted with and neutralized S1x2 in our system.

Preparation of antigen for peripheral blood mononuclear cell (PBMC) stim-
ulation. Heat-killed Stx2™* E. coli O157:H7 bacteria (HK-O157) were used forin
vitro stimulation. One milliliter containing 10" CFU of E. coli O157:H7 strain
86-24 (harvested from a fresh overnight culture) was boiled for 15 min. The cells
were pelleted by centrifugation and resuspended in 1 ml of complete media
(RPMI:; 25 mM HEPES and 1-glutamine [Gibco, Carlsbad, CA]. 10% fetal calf
serum, and 50 pg gentamicin per ml [Sigma, St. Louis, MO]). Aliquots of the
cells were tested for sterility by plating them on trypticase soy agar plates and
stored at —80°C until needed.

PBMC stimulation. PBMCs were isolated from whole blood collected at
weekly intervals. The blood was centrifuged for 25 min at 1170 * g. Plasma
samples were removed and stored at —80°C for further analysis. Buffy coat cells
were subjected to two rounds of hypotonic red blood cell lysis. PBMCs were then
isolated by Percoll (Pharmacia, Piscataway, NI} density gradient (P = L08)
centrifugation at 450 g for 40 min. Cells were washed twice in complete media.
Cells were then diluted to 6.6 % 10° cells per ml and aliquoted into 96-well plates
at 150 pl of cells (10° cells) per well. Stimulants {HK-O157, equivalent to 5 » 10*
CFUE. coli O157:H7 cells, or 1 pg per ml ConA), 50 pl per well, were added to
each well. Plates were incubated for 72 h in 5% CO; at 39°C. PBMCs were then
pulsed with media containing 50 wCi of [*H]thymidine and incubated for an
additional 18 h. Cells were harvested with a Harvester 96 (Tomtech, Orange,
CN) and analyzed using a 1450 Microbeta Plus scintillation counter (Wallac,
Gaithersberg, MD). The stimulation index (SI) is the mean for three wells of
cells incubated with stimulant divided by the mean for three wells incubated with
media alone. Cell preparations in which the SI for ConA was less than 10 times
that for cells incubated with media alone were considered poor and were ex-
cluded from further analysis. Statistical analysis was performed using the SAS
software package and the analysis of variance technique.

RESULTS

All of the calves remained healthy throughout the study.
None of the calves shed detectable levels of E. coli O157:H7
prior to the first inoculation. Only one of the calves in the

235



6. Vorgelegte Veroffentlichungen

1324 HOFFMAN ET AL

7T —o— Stx2*
267 —o— Stx”
E’ 54 —a— Control
-':m 4 -
2
L -
S 3
SR Y —— s
.1 ¥ 1

0 t i

4 50 60

Day

FIG. 2. Fecal shedding of the challenge strain by three groups of
calves which were challenged with Stx2* O157:H7 strain 86-24 follow-
ing prior inoculations with different strains of E. coli. The arrow indi-
cates the date of the challenge. Data are presented as mean numbers
(+ standard errors of the means) of CFU g~ of sorbitol-negative Str*
O157:H7 bacteria in the feces of the indicated groups. Group desig-
nations are same as those in the legend to Fig. 1.

study (one calf in the negative-control group) had detect-
able antibodies against O157 LPS prior to the first inocula-
tion.

The inoculum strain was recovered in higher numbers and
for a longer time from calves initially inoculated with Stx2*
O157:H7 strain 86-24 than from calves inoculated with either
of the other two E. coli strains (Fig. 1). More than 10* CFU of
Stx2" 0157 bacteria/g of feces were recovered for 9 and 14 days
after the first and second inoculations, respectively. Fecal shed-
ding of Stx” 0157 decreased at a rate similar to that of the
control bacteria, with both strains at <102 CFU g~ of feces by
the fifth day after each inoculation. The differences in fecal
shedding between the Stx2™ and Stx~O157 strains were statis-
tically significant (P < 0.05 by Student’s ¢ test) between days 2
and 13 after the first inoculation and days 22 and 27 after the
second inoculation.
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The fecal shedding of Stx2*0157 bacteria was similar in all of
the calves after they were challenged with Stx2*0157 during
week 7 (3 weeks after their second inoculation with Sx2"0157,
Stx~O157, or control E. coli bacteria) (Fig. 2). Thus, prior expo-
sure to high doses of STEC O157:H7 strain 86-24, Stx™ E. coli
O157:H7 strain 87-23, or control strain 123 did not reduce the
duration or extent of fecal shedding of STEC O157:H7 bacteria
after the challenge.

Following the initial two inoculations, all calves inoculated
with either Stx2*0O157 or Six~ 0157 developed antibodies 1o
the O antigen of E. coli O157:H7 (Fig. 3). The rates of sero-
conversion were similar in both groups. Three of the calves
inoculated with control bacteria had low titers (=16) of anti-
0157 LPS, and the highest titer in this group was seen at week
4 in the calf which had serum antibodies to LPS Q157 prior to
the first inoculation. Calves in all three groups developed an-
tibodies to O157 LPS following challenge with Stx2" 0157
(Fig. 3). None of the calves in any of the three groups devel-
oped antibodies against Stx2.

The in vitro PBMC proliferation assay was used to mon-
itor the lymphoproliferative responses of infected calves to
HK-O157 antigens (Fig. 4). Four of the five calves initially
inoculated with Stx”O157 developed a high proliferative
immune response to HK-O157. This response became ap-
parent at week 3 and reached its strongest level after the
challenge. Three of the five calves in this group had SIs
greater than 10 for 2 or more weeks. In contrast, calves
initially inoculated with either Stx2*0Q157 or control bacte-
ria did not develop consistent PBMC proliferative responses
to HK-O157 at any point during the study. Two of the five
calves inoculated with Stx270157, and one of the five inoc-
ulated with control bacteria, had SIs of =10 in a single assay
(at week 4 or 8 for Stx270157 calves and at week 10 for the
control calf). Trend analysis using the sum of squares tech-
nique showed that the cumulative PBMC proliferative re-
sponse for the calves inoculated with the Stx  strain was
significantly higher than that for the calves which received
Stx2*0157 (P = 0.0001) or control bacteria (P = 0.0009).
There were no consistent differences in overall ConA acti-
vation (Fig. 4).

1 1

* 7 8 9 10 Waeks

FIG. 3. Development of antibody titers against Q157 LPS in calves inoculated with different E. coli strains. Data are shown as the means (=
standard errors of the means) of log, titers of plasma antibodies. For the designations of calf groups, see the legend to Fig. 1. Arrows indicate the
dates of the initial inoculations (small arrows) and challenge (large arrow).
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FIG. 4. Comparison over time of the lymphoproliferative responses to heat-killed Sx2" E. coli O157:H7 bacteria (HK-O157) in calves
inoculated with different E. coli strains. Calves were inoculated twice (on days 0 and 21) with Stx2* E. celi O157:H7 strain 86-24 (Stx2%),
non-Shiga-toxigenic E. coli O157:H7 strain 87-23 (Stx™), or control E. coli O43:H28 strain 123 (Control) prior to a final challenge (at 7 weeks
postinoculation) with Stx2" E. coli O157:H7 strain 86-24. Results are shown as the means (+ standard errors of the means) of the SIs obtained
with PBMCs from five calves per group. The index for an individual animal was determined by dividing the mean counts per minute for three wells
stimulated with HK-O157 by the mean counts per minute for three wells of nonstimulated cells. Lymphoproliferative responses to ConA
stimulation are shown in the insert. Data obtained with blood samples during weeks 1, 2, and 3, during weeks 4 and 6, and postchallenge (during

weeks 7, 8 and 10) were combined within those respective groups.

DISCUSSION

This study provides the first evidence that STEC infections
can suppress the development of an antigen-specific cellular
immune response in cattle. Following the initial inoculations,
calves inoculated with Stx2™* E. coli O157:H7 strain 86-24 shed
the inoculum strain at higher levels and for longer periods than
did calves inoculated with Stx™O157:H7 strain 87-23. Despite
this increased colonization, the lymphoproliferative responses
to HK-O157 in calves inoculated with Stx2"O157 were signif-
icantly lower than the responses in calves inoculated with
Stx 0157 and were similar to the responses in calves that
received control bacteria. This reduced cellular immune re-
sponse in Stx2*O157-inoculated calves extends evidence that
STEC possesses virulence traits that actively suppress cellular
elements of the host immune response (1, 22, 23, 32). The
differences observed in the lymphoproliferative responses in
calves inoculated with the Stx2*0157 and Stx~O157 strains
used in this study are consistent with the suppressive effects of
Stxs on bovine peripheral and intraepithelial lymphocytes ob-
served in vitro and in vivo (1, 12, 13, 22-25, 31).

Our studies were not designed to examine the mechanism
underlying the observed immunosuppression. However, the
observation that the PBMCs obtained from the different inoc-
ulation groups did not significantly differ in their proliferative
responses to ConA provides preliminary evidence that the
effect of STEC infection on the bovine immune system was not
generalized. Furthermore, the observed immunosuppressive
effects of STEC infections were restricted to antigen-specific in
vitro PBMC proliferative responses. This contrasts with a gen-
eralized suppression of T cells described for mice and piglets,
which is characterized by a drop in the reactivities of lympho-
cytes to ConA following injection with purified Stx2 and inoc-

ulation with Stx1" E. coli strain O111:NM, respectively (5, 34).
Differences in levels of systemic Stx may be responsible for the
observed differences in the effects of Stx on the immune system
in the different studies. The mouse and piglet studies were
more likely to involve high systemic concentrations of Stx.
Mice were intravenously injected and piglets were orally inoc-
ulated with high doses of Stx* bacteria at 24 h of age, when gut
closure may not have been complete and the likelihood of
toxin absorption from the intestine was increased. Conse-
quently, the effects of Stx on the immune system in these
models may have been high enough to affect “general” func-
tions, like mitogenic responsiveness. The effects of Stx in calves
infected at 6 to 8 weeks of age (notwithstanding the high
inoculum doses) may better reflect the effects of “physiologic™
infections that occur in the field.

Thus, we interpret the present findings as support for our
hypothesis that Stxs are immunosuppressive factors which play
a role in promoting STEC colonization in the bovine host
primarily by reducing or delaying the host’s antigen-specific
cellular immune response against the bacteria.

As previously postulated (31), the immunosuppressive ef-
fects of STEC infections appeared to result from a prevention
of the onset of an immune response rather than the downregu-
lation of an established one. The development of an in vitro
PBMC response was prevented when Stx2 was present at the
time that the naive O157:H7 E. coli-specific immune cells were
first stimulated by the initial inoculations (i.e., in calves initially
inoculated with Stx2O157). In contrast, the Stx2* 0157 strain
did not exert an immunosuppressive effect after the immune
response was cfficiently induced by two inoculations with
Stx~O157. Calves initially inoculated with Stx™ 0157 showed a
continued proliferative response that, similar to an anamnestic
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response, was even more pronounced after they were chal-
lenged with Sx2' 0157,

Remarkably, inoculation of calves with Stx2*0157, on the
contrary, did not hinder the development of a humoral re-
sponse against O157 LPS (17; this study). B-cell responses in
calves apparently were less sensitive to STEC-induced suppres-
sion than in vitro PBMC proliferative responses (25), particu-
larly when the B cells were directly activated in vivo by T-cell
independent B-cell antigens, like LPS. The absence of antibod-
ies against Stx2 in our calves, which is consistent with previous
observations after experimental STEC O157:H7 inoculations
in cattle (17), can therefore not be explained by a suppression
of B cells.

Despite the different immune responses in the three groups of
calves following the initial inoculations, the shedding patterns for
Stx2*0157 bacteria were similar in all groups in the first weeks
after the calves were challenged with the Stx2"0157 strain. Nei-
ther the induction of O157 antibodies in the Sx270157 group
nor the induction of 0157 antibodies and HK-O157-specific lym-
phocytes in the Stx™ 0157 group reduced the duration or magni-
tude of shedding after the challenge compared to what was found
for the control group during the observation period. Further
experiments will be necessary to determine how O157:H7 E.
coli-specific cellular immune responses affect long-term and in-
termittent STEC shedding (3, 8).

The effects of STEC infections on the development of spe-
cific cellular immune responses must be addressed in designing
vaccines aimed at reducing STEC O157:H7 infections in cattle,
especially vaccines directed against Stx, which is the only vir-
ulence factor shared by all STEC strains.
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7. Zusammenfasung

7. ZUSAMMENFASSUNG

Persistent mit Shigatoxin-bildendé&scherichia coli(STEC) infizierte Rinder sind das
wichtigste Reservoir fur Infektionen des Menschen mit humanpathodghER-Stammen
(sog. enterohamorrhagischién coli [EHEC]). Eine erfolgreiche Pravention humaner EHEC-
Infektionen muss deshalb die Bekadmpfung der STEC im Rind zum hébkén. Zur
Entwicklung wirksamer Massnahmen fehlte bisher das Verstandnis Pdesistenz-
mechanismen. Mit den Shigatoxinen (Stx) verfigen die STEC uberFaggkeit zur
Hemmung der Proliferation peripherer boviner Lymphozyten. Eine immunsuppirde
Wirkung der Toxine kénnte zur Persistenz der STEC-Infektion beitragen.

Um diese Hypothese zu Uberprifen, sollte der Mechanismus der Stgdeedimmun-
modulation aufgeklart, Zielzellen fiur Shigatoxine in der Darmseiilaut des Rindes
identifiziert und die pathophysiologische Wirkung der Toxmevitro undin vivo bestimmt
werden. Dazu wurden Primarkulturen von peripheren und intraepithelialephiopyten und
von Epithelzellen und nicht-epithelialen Zellen aus dem Kolon etabiNadh Inkubation mit
gereinigtem Stx1 wurden die Zellen mit Hilfe der Durchflussmetrie, der Fluoreszenz-
mikroskopie und reverser ,real-time“-PCR phanotypisch und funktionetbktexisiert. Der
Stx-Rezeptor wurde nach Glykolipid-Extraktion massenspektrometasalysiert. Diein
vitro gewonnenen Erkenntnisse wurden abschliessend in Infektionsversuchen tberpruft.

Die strukturelle Aufklarung des funktionellen Stx1-Rezeptors aupperen Lympho-
zyten zeigte, dass die Wirkung des Toxins durch das Glykosphingolipid Globotrizasytte
(Gbs syn. CD77; Galf1-4)Gal(1-4)Glc(1-1)zeramid) vermittelt wurde. Dieses damitnbei
Rind erstmalig beschriebene Leukozytenantigen wurde von Lymphamyt&no undin vivo
aktivierungsabhangig exprimiert. Dabei existierten verschiedeoferinen des GICD77,
die aufgrund unterschiedlicher Fettsduren im Membran-verankerten Teil dekiNéoin ihrer
Affinitat fur Stx1 differierten. Stx1-bindende Isoformen wurden vongtemien Lymphozyten
insbesondere zu Beginn der Aktivierung exprimiert. Die Prolifl@nahemmung durch Stx1
betraf insbesondere CD&ositive T-Zellen und B-Zellen. Sie manifestierte sich ohne
Auslosung von Zelltod und wurde auch von der enzymatisch inaktiven, die ReBamtong
vermittelnde B-Untereinheit (StxB1) induziert. Die Wirkung wurdehhidurch Zytokine wie
IL-2, IFN-a oder TNFe vermittelt, sondern beruhte auf einer direkten Einwirkung des
Shigatoxins 1 auf Lymphozyten in frihen Aktivierungsstadien. Dies l&sshuten, dass
Shigatoxine nicht generell immunsuppressiv wirken, sondern frihzegtigrdwicklung einer

Antigen-spezifischen Immunitat behindern koénnen. Tatsachlich entwiclstie eine
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7. Zusammenfasung

systemische zellulare Immunitat gegen STEC-Antigene nafgktionen von Kalbern mit
einem Stx2-bildenden EHEC O157:H7 Stamm nur signifikant verzogert.

Zusatzlich wirken Shigatoxine aber auch unmittelbar auf die lokaleunabwehr der
bovinen Darmschleimhaut. Bovine Granulozyten exprimierten, auch wennusieire
Schleimhaut-Oberflache migriert waren, keine Stx-Rezeptoren wamdnwgegeniber Stx1
resistent. Mit Subpopulationen von Kolonepithelzellen und mit Makrophagenra#igéen
konnten allerdings Zielzellen fur Stx1 identifiziert werden, sleh bei der Kolonisation der
bovinen Darmschleimhaut in unmittelbarer Nédhe zu den STEC-Koloniendbef Diese
Zellen widerstanden ebenfalls der zytoletalen Wirkung des ®iga 1, reagierten jedoch
auf das Toxin mit der vermehrten Transkription bestimmter Chen®&ire. Vor allem
Lymphozyten stellen aber in der Schleimhaut Zielzellen fixl Star. Bei der Analyse
intraepithelialer Lymphozyten (IELex vivo exprimierten Uberwiegend reife, aktivierte
CD3'CD8a*-T-Zellen Gh/CD77. Nach Inokulation von Darmschlingen bei Kalbern mit
einem Stx1-bildenden O103:H2 Stamm verschob sich im Vergleich zudileaktlingen, die
mit einer isogenelstx:-Mutante des Stammes inokuliert worden waren, innerhalb von 12
Stunden die Zusammmensetzung der IEL zulasten dieser Subpopulatiano blockierte
Stx1 bereits im Nanogramm-Konzentrationsbereich die Stimuliegtiader IEL. Im
Gegensatz zu den Subpopulationen peripherer Lymphozyten unterschiedehesléh.-
Subpopulationen nur geringfiigig in ihrer Empfindlichkeit gegenuber der akingsf
hemmenden Wirkung des Shigatoxins 1. Darliberhinaus waren bereite Vi&uaiglen nach
Internalisierung enzymatisch aktiven Stx1-Holotoxins in IEL, nidrain PBMC,il-4-
Transkripte signifikant hdufiger nachweisbar.

Die Ergebnisse unterstitzen die Hypothese, dass Shigatoxinerbentdealen STEC-
Infektion von Rindern Uber Glykolipid-Rezeptoren immunmodulatorisch wirkere Di
Rezeptoren dienen dabei nicht nur der Internalisierung des Holotoxnuera scheinen nach
Toxinbindung auch Signale von der Zelloberflache zu vermitteln. Im iGage zur immun-
stimulierenden Wirkung anderer bakterieller Toxine, die als GlgldIiRezeptor-Agonisten
wirken, und auch im Gegensatz zur zytoletalen und pro-inflammatoriséhewng der
Shigatoxine beim Menschen, steht beim Rind die immunsuppressive Wirkung de
Shigatoxine im Vordergrund. Dies konnte das Fehlen von klinischen Erscheinbege
bovinen STEC-Infektionen ebenso erklaren wie den persistierendenkt@nater Infektion.
Damit eroffnen diese Ergebnisse neue Madoglichkeiten zur Entwickleffgzienter

Massnahmen zur Bekampfung dieser humanpathogenen Erreger beim Rind.
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8. SUMMARY

A considerable number of cattle is persistently infected witigeBoxin-producing
Escherichia coli(STEC) and thereby represents a source of infections of manhwihan
pathogenic STEC strains (syn. enterohemorrhggicoli [EHEC]). Intervention strategies to
effectively prevent human EHEC infections must be aimed airth&tion of bovine STEC
infections, therefore. The mechanisms that form the basis opdrgstence are poorly
understood. By secreting Shiga toxins (Stxs) STEC are capainlkilniting the proliferation
of peripheral bovine lymphocytes. It is tempting to speculate thamamunosuppressive
activity of these toxins contributes to the persistence of STEC infectionglen cat

In an attempt to prove this hypothesis the objectives of the stwdiesto elucidate the
mechanism of the Stx-induced immunomodulation, to identify target fellStxs in the
bovine intestinal mucosa, and to determine the pathophysiologicaltyactivine toxinsin
vitro and in vivo. For this purpose primary cultures of peripheral and intraepithelial
lymphocytes and of colonic epithelial and non-epithelial cells westablished. Upon
incubation with purified Stx1 cells were characterised phenotypiead functionally by
flow cytometry, fluorescence microscopy and reverse real-B@RBR. The Stx-receptor was
analysed by mass spectometry after glycolipid extraction.imheinomodulatory properties
of Stxs were eventually verified by infection experiments.

Structural analysis of functional Stx1-receptors on periphgnaphocytes revealed that
the effect of the toxin was mediated by the glycosphingolipid globotrisersylcde (Gbsyn.
CD77; Gal@1-4)Gal(1-4)Glc(1-1)ceramide). This leukocyte antigen, newlyodisied in
cattle, was expressed by lymphocyiteyitro andin vivo in an activation-dependent fashion.
Evidence is provided for the existence of different isoforms gf@®/7 that differed in their
affinity for Stx1. These differences were based on differencése fatty acids incorporated
in the membrane-anchored part of thes/GB77 molecules. Stx1-binding isoforms were
expressed by peripheral lymphocytes predominantly at earlysstdigbe activation process.
The Stx1-induced inhibition of proliferation mainly affected @B&sitive T-cells and B-
cells. This effect occurred independently of cellular death arslimduced as well by the
enzymatically inactive B-subunit (StxB1) responsible for recdmtating. The effect of Stx1
was not mediated via cytokines as IL-2, IBNor TNF-a but required the direct impact of
Stx1 on lymphocytes at early activation stages. These findings leutoasisat Stxs have the
potency to hinder the development of an antigen-specific immunitytie cather than being

generally immunosuppressive. In fact, the development of a systsgtidar immune
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response specific for STEC antigens was significantly dethnn calves experimentally
infected with a Stx2-producing EHEC O157:H7 strain.

Furthermore, Stx1 was found to directly act on the local immuws@onse in the bovine
intestinal mucosa. Bovine granulocytes lacked Stx-receptorsadtar the cells had migrated
to a mucosal surface and the cells proved to be resistantltor&iwever, subpopulations of
colonic epithelial cells and macrophage-like cells, presumabigimgsin the bovine mucosa
in proximity to STEC colonies, were identified as target cells for Stx1.eTtelts resisted the
cytolethal effect of Stx1 but responded to the toxin by an edvaanscription of certain
chemokine genes. Still, lymphocytes appear to be the most imptatget cells for Stx1 in
the mucosa. When intraepithelial lymphocytes (IEL) were agdlgg vivoGhy/CD77 was
predominantly expressed by mature, activated TDBa* T-cells. Accordingly, inoculation
of ligated intestinal loops in calves with a Stx1-producing O103:Hnslked within 12 hours
to a small but significant reduction in this IEL subpopulation when caedpsr loops
inoculated with an isogenifsistx:-mutant to that strairin vitro, Stx1 inhibited the mitogenic
responsiveness of IEL in the nanogram concentration range. In cootsagipgopulations of
peripheral lymphocytes, IEL subpopulations only marginally differed im Hesisitivity to the
activation-inhibiting activity of Stx1. Furthermore, significantlprail-4-specific transcripts
were detected in IEL but not in peripheral lymphocytes a few tadtesinternalisation of the
enzymatically active Stx1 holotoxin.

The results support the hypothesis that, during bovine STEC infectiors,a8t as
immunomodulators via glycolipid receptors. The receptors are not eqlyired for the
internalisation of the holotoxins but also appear to mediate sigoatsthe cell surface upon
toxin binding. Different from the immunomodulatory activities of oth@cterial toxins acting
as glycolipid-receptor agonists, and in contrast to the cytolethglranidflammatory activity
of Stxs in humans, the Stxs principally act as immunsuppressiviende factors in cattle.
These findings might explain both, the lack of clinical symptomghécourse of bovine
STEC infections as well as the persistent character ohfhaetion. The immunosuppressive
capacity of the Stxs should be considered during the developmenedieffstrategies ought
to lower the magnitude and frequency of shedding by cattle of th@s@an pathogenic

bacteria.
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