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1 Auflistung der Publikationen und Ziele der Arbeit

1.1 Auflistung der Publikationen und Anteil der Arbeit

Folgende Liste gibt Aufschluss Uber die benutzten Veroffentlichungen zur
kumulativen Dissertation und deren personlichen Arbeitsanteil. Die Auflistung erfolgt
in der Reihenfolge, wie sie im Kapitel 3. Ergebnisse und Diskussion erscheinen.

(1) Generation and Selection of Orf Virus (ORFV) Recombinants

Rziha HJ, Rohde J, Amann R; Alejandro Brun (ed.), Vaccine Technologies for
Veterinary Viral Diseases: Methods and Protocols, Methods in Molecular Biology, vol.
1349, DOI 10.1007/978-1-4939-3008-1_12, Springer Science+Business Media New
York 2016

Die Verbesserung und Optimierung der Methoden zur Herstellung und Selektion von
ORFV-Rekombinanten wurde in Zusammenarbeit mit R. Amann erreicht. Dabei
handelte es sich im Speziellen um die Optimierung der Transfektionen, der
fluoreszenzbasierten Selektion mittels eines Markergens, der DNA Isolation aus
Virus infizierten Zelllysaten und der damit verbundenen Selektion durch PCR und
Virustitrationen. Entscheidenden Anteil hatte meine Arbeit in der Verbesserung der

Nachweise von Rekombinanten mittels spezifischer Antikorper.

(2) A new recombinant Orf virus (ORFV, Parapoxvirus) protects rabbits against
lethal infection with rabbit hemorrhagic disease virus (RHDV)

Rohde J, Schirrmeier H, Granzow H, Rziha HJ; Vaccine 29 (2011) 9256-9264

Die neue Rekombinante D1701-V-VP1 wurde von mir hergestellt und selektioniert.
Alle Versuche wie IPMA, Western Blot und Immunfluoreszenz, die die Expression
des Antigens demonstrierten, wurden von mir vorgenommen. Experimente der RNA
Isolation und Northern Blot Hybridisierungen wurden von mir mit Unterstltzung von
Frau B. Bauer durchgefuhrt. Die Wachstumseigenschaften der neuen Virus-
Rekombinanten wie auch die Zytokinsekretion im Serum der Tiere wurden von mir

analysiert.
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(3) New Orf Virus (Parapoxvirus) Recombinant Expressing H5 Hemagglutinin
Protects Mice against H5N1 and H1N1 Influenza A Virus

Rohde J, Amann R, Rziha HJ; PLoS ONE 8 (12) (2013): e83802

Die beiden Rekombinanten D1701-V-NPh5 und D1701-V-HAh5n wurden von mir
hergestellt und selektioniert. Alle Versuche, die die ORFV-Rekombinanten
charakterisieren und deren Proteinexpression darstellen, wurden von mir
durchgefuhrt. Alle Tierversuche inklusive der Immunisierungen, Zelldepletionen und
deren Kontrolle mit durchflusszytometrischen Messungen wie auch die Messungen
der induzierten Antikorperantworten in den immunisierten Tieren habe ich
vorgenommen. Lediglich bei anfanglichen Belastungsinfektionen mit Influenzavirus
wurde mir von A. Vogel und E. Haasbach assistiert. Darlber hinaus wurde der erste
schriftliche Entwurf der Veroffentlichung von mir ausgearbeitet.

(4) New baculovirus recombinants expressing Pseudorabies virus (PRV)
glycol-proteins protect mice against lethal challenge infection

Grabowska AK, Lipinska AD, Rohde J, Szewczyk B, Bienkowska-Szewczyk K, Rziha
HJ; Vaccine. 2009 Jun 2;27(27):3584-91

Die  Immunisierungen  mit  Baculovirus-Rekombinanten und die PRV
Infektionsversuche sowie die Entnahme der Splenozyten und deren Aufbereitung
wurden zusammen mit A. K. Grabowska durchgefuhrt. Die Zytotoxizitatstests mit

radioaktiv markiertem Chrom wurden von mir durchgefuhrt.

(5) Orf virus interferes with MHC class | surface expression by targeting
vesicular transport and Golgi

Rohde J, Emschermann F, Knittler MR, Rziha HJ; BMC Veterinary Research 2012,
8:114

Experimente zur Messung der Oberflachenexpression mittels Durchflusszytometrie
wurden von F. Emschermann und mir durchgefuhrt. Alle anderen Studien wie die
semi-quantitative reverse Transkriptions PCR, Immunfluoreszenz, Markierung von
Proteinen mit radioaktivem Schwefel, Immunprazipitationen, Western Blot Analysen
und statistische Auswertungen wurden von mir durchgefuhrt. Ein erster schriftlicher

Entwurf fur die Veroffentlichung wurde von mir verfasst.
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Es ergab sich folgende weitere Publikation, die nicht Teil der Dissertation ist, hier

aber erwahnt sein soll:

A new rabies vaccine based on a recombinant ORF virus (parapoxvirus)
expressing the rabiesvirus glycoprotein

Amann R, Rohde J, Wulle U, Conlee D, Raue R, Martinon O, Rziha HJ; J Virol. 2013
Feb;87(3):1618-30

1.2 Ziele der Arbeit

Das Ziel der Dissertation war die Generierung neuer ORFV- (Parapoxvirus)
Rekombinanten, die eine protektive Immunitat gegen virale Infektionskrankheiten
vermitteln. Zunachst sollten mittels molekularbiologischer Techniken Fremdgene in
das Genom von ORFV inseriert werden, um anschlieRend die neuen Rekombinanten
zu selektionieren und die Expression dieser eingefugten Gene zu testen. Die
protektiven Eigenschaften der ORFV-Rekombinanten sollten anschliefend in
geeigneten Tierversuchen evaluiert und die beteiligten immunologischen

Mechanismen, die zu einem Schutz beitragen, analysiert werden.

Mit bereits existierenden ORFV-Rekombinanten welche Glykoproteine von PRV
exprimieren sollten in Untersuchungen von Mausen die immunrelevanten Vorgange
genauer aufgeklart werden, die zur Immunitat flahren. Vorangegangene
Untersuchungen mit diesen ORFV-Rekombinanten ergaben, dass Mause welche
Gendefekte fur die Produktion von T- und B-Zellen wie auch fur Perforin besal3en,
trotzdem einen effektiven Immunschutz aufwiesen (1). Messungen der Aktivitat von
relevanten Immunzellen, Rezeptoren und Zytokinen in ORFV immunisierten Mausen
sollten Aufschluss uber Funktionen und Anteil der angeborenen wie auch der

erworbenen Immunantwort geben.

Zudem sollten die immunmodulatorischen Eigenschaften von ORFV in vitro
charakterisiert werden. Pockenviren besitzen eine Vielzahl an Genen, die es dem
Virus ermoglichen der Immunantwort des Wirtsorganismus zu entgehen. Einige
dieser Mechanismen sind auch fur das Parapoxvirus beschrieben. Die
Wechselwirkungen zwischen dem hochattenuierten ORFV Stamm D1701-V und
seinem Wirtsorganismus sowie maogliche Evasionsmechanismen von ORFV sollten
durch Infektionsstudien in Vero Zellen und anschlieRenden Untersuchungen des
vesikularen Peptidtransports naher analysiert werden.
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2 Einleitung

2.1 Viren als Vektor-Impfstoffe

Das Auftreten von neuen hochpathogenen Erregern innerhalb der letzten Jahrzehnte
erfordert neue Strategien fur die Entwicklung von modernen Vakzinen. Virus-
Vektoren stellen im Einsatz als Impfstoff gegen Infektionserkrankungen eine relativ
neue und aullerst vielversprechende Impfstrategie dar. Die Infektionsraten etlicher
Pathogene konnten in der Vergangenheit mit klassischen Impfstoffen erfolgreich
gesenkt werden. Bei der Anwendung dieser Impfstoffe ergaben sich jedoch Grenzen
der Protektivitat gegen bestimmte Infektionserkrankungen wie HIV, nicht auf einer
Infektion beruhende Erkrankungen oder gegen Tumor- und Autoimmunerkrankungen
bei denen es kein bestimmtes Ziel-Antigen gibt [Ubersichtsartikel (2)]. Fir die
Entwicklung gut funktionierender Impfstoffe gegen Infektions- wie auch solche
speziellen Erkrankungen ist es notwendig, die pathogenen Eigenschaften zu kennen.
Des Weiteren ist es von Vorteil zu wissen, welche Bereiche des Immunsystems
erforderlich sind, um eine protektive Immunitat aufzubauen [Ubersichtsartikel (2, 3)].
Genugt die Induktion einer humoralen Immunantwort fur den Schutz, so werden zum
Beispiel inaktivierte Erreger oder Untereinheit-(subunit) Impfstoffe eingesetzt
[Ubersichtsartikel (4)]. Da attenuierte Viren die zelluldare wie auch die humorale
Immunantwort mit dazugehorender Sekretion von funktionellen Zytokinen aus CD4-
positiven und CD8-positiven Zellen und teilweise auch die T-Gedachtniszellen
induzieren, weisen sie sich als sehr effektive Impfstoffe aus [Ubersichtsartikel (2)] (5).
Ein bedeutender Vorteil von Vektor-Impfstoffen ist, dass sie CTL stimulieren kdnnen,
indem sie ihre exprimierten Fremdantigene in die Peptidprozessierung der Wirtszelle
einbringen, die somit effektiv Uber MHC | prasentiert werden. Dies ist bei Vakzinen,
die auf Basis von Proteinen beruhen, nicht der Fall [Ubersichtsartikel (6, 7)]. Die
Induktion der zelluldaren Immunantwort ist unter anderem fur den Schutz gegen virale
Infektionen wie auch gegen Krebserkrankungen ein entscheidender Faktor
[Ubersichtsartikel (2)]. Impfstoffe, die beide Arme der Immunantwort aktivieren
konnen, wirken auch gegen Pathogene, die keine neutralisierenden Antikorper
induzieren. Diese Wirkung wird unterstutzt durch CTLs, da diese auch die Fahigkeit
zur Kreuzreaktivitat gegen verschiedene Virustypen wie zum Beispiel gegenuber
neuen Subtypen von Influenzaviren besitzen (8). Die durch virale Vektoren stimulierte

zellulare Immunantwort umfasst auch T-Gedachtniszellen, welche aus CTLs
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hervorgegangen sind, die ebenfalls gegen verschiedene Stamme von Influenzaviren
gerichtet sein konnen (9). Im Gegensatz zu attenuierten Impfstoffen aus viralem oder
bakteriellem Ursprung liefern virale Vektoren nur diejenigen Antigene des Erregers,
welche fur den Aufbau eines Immunschutzes gegen das Pathogen notwendig sind.
Das gezielte Einbringen ausgewahlter Gene birgt gewisse Vorteile. Die Viramie des
Pathogens wird verhindert, da nur bestimmte Gene des Erregers verwendet werden
und dieser dadurch nicht vermehrungsfahig ist. Zusatzlich kdnnen bestimmte Gene
des Erregers eine kreuzreaktive Immunitat gegen eine Vielzahl von Virusstammen
induzieren (10). Die ebenso durch den viralen Vektor induzierten T-Helferzellen
beeinflussen nicht nur die humorale und/oder CTL Immunantwort, sondern konnen
auch das Fortschreiten der eigentlichen Erkrankung wie zum Beispiel bei HIV-1
mindern, da diese T-Helferzellen das Hauptangriffsziel von HIV-1 darstellen
[Ubersichtsartikel (11)]. Dieses breite Spektrum von viralen Vektoren bietet den
potentiellen Einsatz nicht nur gegen Infektionskrankheiten, sondern auch gegen
beispielsweise Asthma und Diabetes [Ubersichtsartikel (6)]. Ein weiterer Aspekt der
Entwicklung von Vektoren ist, dass Viren spezielle Zelltypen infizieren und diese
Zellspezifitat genutzt werden kann, um virale Vektoren zu optimieren. Um gezielt den
Tropismus von Vektoren fur spezielle Zelltypen zu andern, wurden zum Beispiel Gen-
Deletionen oder Additionen bei Adenoviren vorgenommen. Adenoviren, die durch
diese Mutationen nicht mehr fahig waren an ihre Rezeptoren wie auch an Integrine
der Zelle zu binden, verloren hierdurch ihren sehr variablen naturlichen Zelltropismus
(12). Auch wurden DNA-basierende Impfstoffe bei der Herstellung in spezielle
Partikel (kationische Mikropartikel aus biodegradierbaren Polymeren) verpackt, um
die Aufnahme durch Antigenprasentierende Zellen zu erhdhen (13).

2.1.1 Eigenschaften von viralen Vektor-Impfstoffen

Virale Vektoren entstammen urspringlich zumeist pathogenen Viren, beinhalten ein
oder mehrere definierte Fremdgene und Uberbringen diese als eine Art Liefersystem
dem zu impfenden Wirt. Im Unterschied zum klassischen Impfstoff muss die
Expression der inserierten Gene im geimpften Wirt gewahrleistet sein, wohingegen
bei herkdmmlichen Vakzinen der gesamte attenuierte oder abgetotete Erreger
appliziert wird. Erfolgversprechende schutzinduzierende virale Vektoren sollten
folgende Eigenschaften aufweisen (i) moglichst einfache Manipulierbarkeit des

5
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Vektors, (i) Aufnahmekapazitat fur groRe Gene, (iii) biologische Sicherheit als
Vakzine wie zum Beispiel keine Integration von genetischem Material in das Genom
der Zelle, (iv) Induktion einer humoralen, zellularen sowie lang-anhaltenden
Immunantwort, (v) genetische Stabilitat der inserierten Gene, (vi) geringe oder keine
anti-Vektor Praimmunitat, (vii) die Moglichkeit zur Herstellung der Vakzine im
industriellen Mal3stab und (viii) die Erfullung von regulatorischen Vorgaben wie der
gleichbleibenden  Wirksamkeit sowie Effektivitat und der medizinischen
Unbedenklichkeit der Vakzine [Ubersichtsartikel (3, 7, 14)]. Ein weiterer Vorteil von
viralen Vektoren ist, dass die Vakzinierung einer viralen Infektion gleichkommt und
das Fremdgen hierbei exprimiert wird, was zu einer gesteigerten Immunogenitat
fuhrt, da das komplette Repertoire des Immunsystems aktiviert werden kann. Als
Nachweis einer Immunantwort nach Applikation eines viralen Vektors sind die
Reaktionen der angeborenen und humoralen Immunantwort gegen den Vektor,
sowie die daraufhin induzierte Immunantwort gegen das inserierte Fremdantigen
mafgeblich [Ubersichtsartikel (2)].

Das Auftreten einer anti-Vektor Immunitat des Impflings gegen zum Beispiel
Adenoviren, Polioviren, manchen Pockenviren (VV) und Masernviren und die damit
verbundenen Virus-Vektor neutralisierenden Antikorper kdnnen ein Nachteil fir deren
Nutzen als Vakzine sein [Ubersichtsartikel (15-17)]. Die vorhandenen Antikdrper sind
in der Lage den Virus-Vektor zu neutralisieren und reduzieren dadurch die
Wirksamkeit des Impfstoffs. In diesem Zusammenhang wird diskutiert, dass eine
Applikation des viralen Impfstoffs Uber die Schleimhaute eine anti-vektorielle
Immunitat umgehen kénnte [Ubersichtsartikel (3)]. Abhangig vom Zelltropismus des
genutzten Virus-Vektors und von der technischen Machbarkeit ist dies jedoch nur far
spezielle Impfstrategien anwendbar. Virale Vektoren, die ihre Fahigkeit zur
Replikation behalten haben, eignen sich aufgrund von Sicherheitsaspekten weniger
fur die Anwendung als Vakzine. Werden solche Impfvektoren jedoch zum Beispiel
durch genetische Manipulation soweit attenuiert, dass sie nicht mehr replizieren
konnen, besitzen sie haufig nur noch eine reduzierte Fahigkeit zur Immuninduktion
[Ubersichtsartikel (18)]. Dies trift auch bei den Vektor-Impfstoffen der
Vogelpockenviren (Kanarienpockenvirus und Huhnerpockenvirus) zu. Diese sind
nicht fahig zur Replikation in Sdugerzellen und weisen im Menschen nur ein geringes

Potential zur Induktion von CD4-positiven T-Zellen auf (19, 20).
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Weitere Vektoren wie beispielsweise Lentiviren oder auch Herpesviren weisen
ebenso ein hoheres Gefahrenpotential bei der Anwendung im Menschen auf, da sie
sich in das Wirtsgenom integrieren oder persistierend bzw. latent im vakzinierten Wirt
verbleiben kénnen [Ubersichtsartikel (14)]. Eine andere Art von Impfstoffen sind
subunit-Vakzine. Diese gelten als sicher, sind aber nur schwach immunogen, da sie
nicht uber PAMPs erkannt werden und die angeborene Immunantwort somit nicht
vollstandig in Gang gesetzt werden kann [Ubersichtsartikel (21)]. Virale Vektoren
dagegen besitzen solche PAMPs als naturliche Adjuvants-Eigenschaft, die uber PRR
des angeborenen Immunsystems erkannt werden und somit eine schnelle,
umfassende Immunantwort unterstutzen. Die Ausgewogenheit zwischen biologischen
Sicherheitsanspruchen und verbleibender Immunogenitat der attenuierten viralen

Vektor-Vakzine ist mitentscheidend bei der Entwicklung des Impfstoffs.

Um die maximale Wirksamkeit viraler Vektor-Vakzinen zu erzielen muss auch deren
Applikationsweg und die Anzahl der Immunisierungen berucksichtigt werden. Der
Impfweg ist mitentscheidend fur die Erzeugung einer hohen Protektivitat. So wurde
beispielsweise fur Adenoviren bei der Vakzinierung uber die Mukosa festgestellt,
dass dies einer naturlichen Adenovirusinfektion sehr nahe kommt und zu
erfolgreichen Immunisierungen gegen verschiedene Erreger flihren konnte
[Ubersichtsartikel (7, 22, 23)]. Eine aussichtsreiche Impfstrategie beinhaltet
heterologe Prime / Boost Immunisierungen wie etwa eine erste Vakzinierung mit dem
viralen Vektor und als zweite (Boost) Immunisierung die Gabe einer DNA Vakzine
[Ubersichtsartikel (24)]. Dies kann zu einer verstarkten Immunantwort des Wirts
fuhren. Der Grund dafur ist unklar, jedoch kdnnte das Fehlen von zusatzlichen viralen
Vektor-Antigenen bei der zweiten Vakzinierung die Immunabwehr auf das inserierte

Fremdgen konzentrieren (25).

Aufgrund ihrer hohen Immuninduktion sind virale Vektoren auch als Vakzine gegen
Krebserkrankungen geeignet. Durch Integration von TAA in den Vektor, kann eine
gezielte krebsspezifische Immunantwort ausgelost werden. Im Vergleich zu
Tumorimpfstoffen auf der Basis von RNA, DNA oder Tumorproteinen, sind Virus-
Vektoren aus der Familie der Adenoviridae, Poxviridae und Herpesviridae, welche
TAA exprimieren, Gegenstand der Entwicklung von prophylaktischen oder
immuntherapeutischen Vakzinen gegen Tumore [Ubersichtsartikel (26, 27)].
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2.1.2 Pockenviren als virale Vektor-Vakzine

Zu den ersten rekombinanten Virusimpfstoffen zahlen Pockenviren aus der Gattung
Orthopoxvirus. Ursprunglich wurden Stamme von VV in den 70er Jahren des 20.
Jahrhunderts fur die Ausrottung des humanpathogenen Variolavirus verwendet.
Abkoémmlinge und Varianten hiervon sind die heutige Grundlage fur neuartige Virus-
Vektoren. Pockenviren eignen sich als Impfvektoren, da sie Fremd-DNA von
mindestens 25 Kilobasenpaare aufnehmen kdnnen (28), einen breiten Tropismus flr
Saugetierzellen aufweisen und im Zytoplasma replizieren, wodurch die Gefahr der
Genintegration in das Wirtsgenom unterbleibt wie es bei Retroviren vorkommen kann
[Ubersichtsartikel (29)]. Zu diesen Vektoren zahlt unter anderem der
replikationsdefiziente Virus-Vektor MVA und der attenuierte VV Stamm NYVAC
[Ubersichtsartikel (3)](30). Die Entwicklung von MVA erfolgte tber mehr als 570
Passagen des VV Stammes Ankara auf embryonalen Huhnerfibroblasten (31).
Hieraus resultierte eine weitaus geringere Infektiositat fur Saugetiere und auch
Saugetierzellen. Dies hatte jedoch den Nachteil, dass auch die Immunogenitat von
MVA nicht mehr so ausgepragt war wie bei parentalen VV Stammen
[Ubersichtsartikel (32)]. Der Stamm NYVAC entstand durch die Deletion von 18 fir
das Virus nicht-essentiellen Genen (33, 34) und besitzt eine zu MVA vergleichbare
Immunogenitat gegen Human- wie auch relevante Tierpathogene. Beispielsweise
konnten die immuninduzierenden Fahigkeiten beider Vektoren gegen HIV bei
Untersuchungen in der Maus miteinander verglichen werden (35). Weitere
replikationsdefiziente virale Vektoren sind das Kanarienpockenvirus (canarypox,
ALVAC) und das Huhnerpockenvirus (fowlpox, FPV), die ausfuhrlich in ihrer
Schutzwirkung gegen verschiedenste Human- und Tier-Pathogene charakterisiert
wurden (33, 36, 37). Sie eignen sich besonders fur die Anwendung beim Menschen,
da es gegen diese Vogelpockenviren keine praexistierende Immunitat gibt und somit
multiple Vakzinierungen mdglich sind [Ubersichtsartikel (38)]. Ein auf ALVAC
basierender Vektor, welcher die HIV-1 Gene Gag, Protease und Env exprimiert,
konnte bei 31,2% von uber 16.000 beobachteten Personen vor einer HIV-1 Infektion
schitzen (39). Auch zeigte ein rekombinanter Schimpansen-Adenovirus-Vektor in
Kombination mit einem auf MVA basierenden Vektor erfolgreichen Schutz in
Makaken gegen das Ebolavirus (40). Eine weitere MVA-Vakzine, die das
Oberflachenprotein von MERS-CoV exprimiert, konnte zudem erfolgreich die
Ausscheidung von MERS-CoV in Dromedaren signifikant senken und damit den

8



Einleitung

Infektionsdruck fur den Menschen reduzieren (41). In jungerer Zeit wurde
beschrieben, dass MVA wie auch NYVAC auf Grund der Vielzahl deletierter Gene,
insbesondere sogenannter Immunevasionsgene eine reduzierte Immunogenitat und
nur ein suboptimales Immunogenitatsprofil besitzen. In der Literatur wurde gezeigt,
dass dies durch Ruckinsertion mancher Gene wieder verbessert werden kann.
Beispielsweise wurde nach Immunisierungen in der Maus gezeigt, dass MVA-
Rekombinanten, die das Zytokin GM-CSF oder das Makrophagen-inflammatorische
Protein 3a (CCL20) exprimieren, eine zwei- bis vierfach verstarkte zellulare
Immunantwort gegen das inserierte Fremdantigen, sowie einen sechs bis 17-fachen
erhohten MVA-spezifischen Antikorper Titer aufwiesen, verglichen mit MVA-
Rekombinanten, die nur das Fremdantigen beinhalteten (42). Durch die Insertion der
humanen Wirtsgene K1L und C7L sowie der Deletion des immunmodulatorisch
wirksamen viralen Gens B19 in NYVAC, konnte die Antigenexpression in infizierten
Zellen verstarkt, die Virusreplikation in humanen Keratinozyten und Fibroblasten
ermoglicht, die Signaltransduktion in Wirtszellen aktiviert und eine verringerte
Virusverbreitung in Organen des Wirts ermoglicht werden (43).

2.1.3 Adenoviren als virale Vektor-Vakzine

Adenoviren aus der Familie der Adenoviridae sind unbehullte dsDNA Viren und
weisen eine ikosaedrische Struktur auf. Diejenigen Adenoviren, die als virale
Vektoren in Betracht gezogen werden, weisen eine Deletion im E1 Gen auf. Hieraus
ergibt sich eine Replikationsdefizienz der Adenoviren in Zellen und eine erhodhte
Sicherheit beim Einsatz als Vakzine [Ubersichtsartikel (44)]. Das Virus kann zum
Beispiel in speziellen HEK 293 oder PER.C6 Zellen vermehrt werden, die dabei das
fur das Wachstum essentielle E1 Gen liefern (45). Zudem liegt meistens auch eine
Deletion im E3 Gen vor, was eine Fremdgeninsertion von bis zu 8,5 kb ermdglicht
[Ubersichtsartikel (46)]. Rekombinante Adenoviren des Serotyps 5 sind in der Lage
eine gesteigerte Immunantwort durch Rekrutierung von CTL auszulosen (47). Der
Nachteil dieses Serotyps 5 ist die weitverbreitete Praimmunitat im Menschen. Dies ist
fur diesen Vektor ein kritischer Faktor, der die Immunantwort gegenuber den
Antigenen der Vakzine reduziert (48). Abhangig von der geographischen Region und
vom Alter werden neutralisierende Antikorper bei bis zu 90% von Erwachsenen

nachgewiesen. Es besteht die Strategie, weniger verbreitete Adenoviren als
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Vektoren einzusetzen wie beispielsweise die Serotypen 11 oder 35. Diese l6sen
allerdings auch eine weniger starke Immunantwort aus (49). Eine weitere Moglichkeit
die anti-vektorielle Immunantwort zu umgehen besteht darin, mit einer DNA-Vakzine
(oder eines Impstoffs anderen Ursprungs) die erste Immunisierung und mit
Rekombinanten von Adenovirus 5 die zweite Impfung durchzufuhren. Die einmalige
Immunisierung mit dem Virus soll hierbei die Induktion von neutralisierenden
Antikorpern gegen das Adenovirus reduzieren (50). Vielversprechende Ansatze fur
die Entwicklung von Vakzinen gibt es auch mit adenoviralen Stammen, die aus
Schimpansen (Pan) oder Bonobos (Pan paniscus) isoliert wurden und ausgepragte
immunogene Eigenschaften besitzen (51, 52).

2.1.4 Andere Virusfamilien als virale Vektor-Impfstoffe

Weitere Klassen von Viren wurden untersucht, um sie als rekombinante virale
Vektoren einsetzen zu konnen. Vektoren basierend auf Viren der Familie
Herpesviridae werden nicht nur als reine Gen-Lieferanten in Betracht gezogen,
sondern auf Grund ihres Zelltropismus auch fur Immuntherapien gegen Hirntumoren

und als Therapeutika Lieferant fiir das ZNS evaluiert [Ubersichtsartikel (53)].

Das VSV gehort zur Familie der Rhabdoviridae und ist ein negatives ssRNA Virus.
Es infiziert domestizierte Tiere wie Schweine, Pferde und Rinder und erzeugt nach
Infektion im Menschen nur eine geringe Symptomatik [Ubersichtsartikel (54, 55)]. Fur
die Herstellung und spatere Verwendung als Vektor-Impfstoff ist wichtig zu wissen,
dass Gene am 5° Ende des viralen Genoms starker exprimiert werden als Gene am
3' Ende und Fremdgene entsprechend inseriert werden mussen. Als Vakzine ist es
attraktiv, da es zu hohen Titern angezogen werden kann wund nach
Fremdgeninsertion genetisch stabil ist [Ubersichtsartikel (14)]. Es wird im Menschen
nur eine geringe Vektorimmunitat aufgebaut, da neutralisierende Antikorper gegen
VSV selten sind. Zudem wurde gezeigt, dass VSV DC infiziert und dabei eine
ausgepragte anti-tumorale Immunantwort bei der Verwendung als Vektor-Vakzine
gewahrleistet (56). AuRerdem zeigten kirzlich veroffentlichte  Studien
vielversprechende Ergebnisse einer anti-Ebola Immunantwort von rekombinanten
VSV-Vektoren (57, 58).
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Viren der Gattung Flavivirus besitzen ein (+)ssRNA Genom und eine ikosaedrische
Struktur. Das Gelbfieber Virus dieser Gattung, basierend auf dem Stamm YF-17D, ist
als attenuierte, Lebendvakzine aulderst vielversprechend. Diese Vakzine stimuliert
zunachst die angeborene Immunantwort uber die TLR 2, 7, 8 und 9 (59). Der
eigentliche Schutz beruht dann auf der Induktion von neutralisierenden Antikdrpern
wie auch auf CD8-positiven T-Zellen. Gene aus der Virushulle konnen gegen Gene
anderer Flaviviren, wie dem Japan-Enzephalitis-Virus, Dengue-Virus oder West-Nil-
Virus ausgetauscht werden und anschlieRend als Impfstoff dienen [Ubersichtsartikel
(60)].

Die dsDNA Baculoviren der Familie Baculoviridae infizieren Insekten und sind haufig
genutzte Vektor-Vakzinen, da sie fur den Menschen nicht pathogen sind und somit
eine hohe biologische Sicherheit aufweisen [Ubersichtsartikel (61)]. Zudem sind sie
relativ einfach herzustellen und es kdnnen auch grofiere Gene (>20 Kilobasenpaare)
in das Genom inseriert werden [Ubersichtsartikel (61, 62)]. Der Nachteil von
Baculoviren als rekombinanter Impfstoff sind die haufig gezeigten geringen
immunogenen Eigenschaften, wie am Beispiel gegen das Japan-Enzephalitis-Virus
beschrieben wurde (63).

Eine weitere Moglichkeit Viren als Impfstoffe einzusetzen besteht durch die
Technologie der zielgerichteten Mutagenese, die bei RNA Viren auch als ,reverse
genetics’ bezeichnet wird. Es wird die Aktivitat RNA-abhangiger RNA Polymerasen
fur die Vervielfaltigung genomischer Information, die Unabhangigkeit der RNA Virus
Replikation vom Zellkern des Wirts sowie die Eigenschaft, dass bei (+)RNA Viren das
Genom direkt zu viralen Proteinprodukten translatiert wird genutzt [Ubersichtsartikel
(64, 65)]. Diese Technik wurde unter anderem fur das Rabiesvirus angewendet und
fuhrte zu einer reduzierten Virulenz und hierdurch zu einer erhohten biologischen
Sicherheit von Vakzinen, die eine Kreuzreaktivitat gegen verschiedene Varianten von
Rabiesvirus aufwiesen (66). Auf diese Art hergestellte Rabiesvirus-Vektoren waren
zudem fahig eine spezifische Antikorperantwort gegen das Ebolavirus zu induzieren
und erzeugten einen 100%igen Schutz in Makaken (67). Initiale Arbeiten dieser
Technik erfolgten fur das Rabiesvirus durch die Insertion der bakteriellen Enzyme
Chloramphenicol-Acetyltransferase und B-Galaktosidase in das Virusgenom (68, 69).

Auch fur Influenzaviren existieren so hergestellte Vakzine wie zum Beispiel das
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pandemische H1N1 Virus aus dem Jahr 2009, welches verandert wurde und nun
chimares HA und NA in deutlich groReren Mengen enthalt (70).

2.1.5 Nicht virale Impfstoff-Vektoren

Attenuierte bakterielle Vektoren bieten die Moglichkeit zur Vakzinierung Uber den
oralen Weg, was einer naturlichen Infektion wie bei Salmonella oder Mycobacterium
bovis entspricht (71) [Ubersichtsartikel (72)]. Der immunologische Vorteil von
bakteriellen Impfvektoren besteht wie auch bei viralen Vektoren darin, dass sowohl
eine humorale wie auch zelluldare Immunantwort induziert werden kann, da
intrazellulare Bakterien das heterologe Antigen oder Plasmid direkt in den
intrazellularen MHC | vermittelten Antigen Prozess einbringen konnen
[Ubersichtsartikel (2)]. Mit Blick auf den Sicherheitsaspekt ist zu erwédhnen, dass die
DNA Plasmide genetisch eher instabil sind und dass sich zudem das auf einem
Plasmid befindliche Fremdgen auf andere Bakterien Ubertragen werden kann (73)
[Ubersichtsartikel (74)].

2.1.5.1 DNA und RNA-basierende Impfstoffe

Im Gegensatz zu Viren besitzen DNA und RNA keine speziellen Strukturen und
Mechanismen, um eine Zelle infizieren zu konnen. Trotzdem konnte gezeigt werden,
dass auch ein DNA Plasmid erfolgreich in Muskelzellen der Maus transfiziert werden
konnte und dies zur Expression des inserierten Gens fuhrte (75). DNA-Vakzinen
bestehen generell aus einem Plasmid, in dem das entsprechende Antigen inseriert ist
und unter Kontrolle eines eukaryotischen Promoters steht. Des Weiteren stammen
Plasmide ursprunglich von Bakterien und beinhalten daher CpG Motive, welche fur
die Stimulation von TLR9 bekannt sind (76, 77). Diese Aktivierung der angeborenen
Immunantwort, die sich direkt gegen das bakterielle Plasmid richtet, fihrt zu einer
generell verstarkten Immunantwort gegen das Gerust der DNA-Vakzine. DNA
Impfstoffe zeichnen sich als einfache Lieferanten von multiplen Fremdgenen aus und
induzieren sowohl eine humorale wie auch zelluldre Immunantwort [Ubersichtsartikel
(78)]. Zudem sind diese Impfstoffe sicher und gut vertraglich [Ubersichtsartikel (79)].
Jedoch zeigte sich, dass diese Vakzinen im Vergleich zu anderen Impfstoffarten wie
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Peptid-Impfstoffen, RNA und viralen Vektor-Vakzinen eine geringere immunogene
Wirkung aufweisen [Ubersichtsartikel (78)].

RNA-Vakzine haben im Gegensatz zu DNA basierenden Impfstoffen den Vortell,
dass sie fur die Translation nur in das Zytoplasma und nicht in den Zellkern gelangen
missen und RNA zudem nicht in das Zellgenom integrieren kann [Ubersichtsartikel
(78)]. RNA stimuliert auf’erdem direkt das Immunsystem uber die TLR3, TLR7 und
TLR8 [Ubersichtsartikel (80)]. Die eukaryotische mRNA besteht aus einem
kodierenden Bereich, welcher von einer nicht-kodierenden Region flankiert wird,
einer 5° 7-Methylguanosin Triphosphat Cap Struktur sowie einem Poly(A) Schwanz.
Die Schwachpunkte fur Stabilitat und Translation der mRNA sind dabei der nicht-
kodierende Bereich, die Cap Struktur, welche die mRNA vor 5-3° Exonukleasen
schiitzt und der Poly(A) Schwanz (81, 82) [Ubersichtsartikel (83)]. Da RNAs, welche
keine Cap Struktur besitzen, auflerst instabil sind und nicht effizient translatiert
werden, konnen fur Impfstoffe posttranskriptional Cap Strukturen an die RNA
angefligt werden [Ubersichtsartikel (78)]. Die Vakzinierung erfolgt als ,nackte*
mRNA, wobei diese ohne Tragersubstanz direkt appliziert wird (75). Auch konnte
gezeigt werden, dass diese Form der Vakzinierung zur Induktion von Antigen-
spezifischen Antikorpen und T-Zell vermittelter Immunreaktion fuhrte (84, 85). Jedoch
sind allgegenwartige RNasen verantwortlich fur die Degradierung von extrazellularer
,nackter* mRNA und bedingen daher eine relative kurze Halbwertszeit dieser RNA
[Ubersichtsartikel (86)]. Eine weitere Mdglichkeit mMRNA zu applizieren besteht durch
eine ,Gene Gun®. Hierbei wird die mRNA direkt in das Zytoplasma der Zelle
gebracht, wodurch die Exposition gegenuber extrazellularen Nukleasen minimiert
wird [Ubersichtsartikel (78)]. Eine weitere Darreichungsform stellt auch die
Kondensierung der mRNA durch Protamin dar, wodurch die Stabilitat gegenuber
Nukleasen erhoht wird [Ubersichtsartikel (87)]. Um zusétzlich die exprimierte
Proteinmenge und auch die Dauer der Expression zu erhdhen, konnen die
kodierenden und nicht-kodierenden Bereiche der RNA molekularbiologisch verandert
werden [Ubersichtsartikel (87)]. Die Vakzinierung mit der modifizierten RNA aktiviert
zusatzlich die MyD88, TLR7 und TLR8 abhangigen Stoffwechselwege und der
Impfstoff wirkt somit zusatzlich als Adjuvants (88, 89) [Ubersichtsartikel (87)]. RNA-
basierende Impfstoffe wurden in den letzten Jahren gegen eine Vielzahl von
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Pathogenen wie auch gegen Tumore auf ihre immunstimulierenden Eigenschaften
hin getestet (84, 90, 91) [Ubersichtsartikel (92)].

2.2 Das Orf Virus (ORFV)

Das Orf Virus (ORFV), wie auch das BPSV, das PCPV, das PVNZ und das
Parapoxvirus des Seehundes, ist eine Art des Genus Parapoxvirus, welches zu den
Chordopoxvirinae, einer Subfamilie der Poxviridae gehort.

OREFV ist relativ temperaturstabil und nicht onkogen. Wie bei allen Pockenviren findet
die Replikation im Zytoplasma der Zelle statt und es gibt keine Hinweise auf
Integration viraler Gene in das Wirtsgenom. Das Virion des ORFYV besitzt eine ovoide
Form, eine wollknauel-artige Struktur auf der Oberflache und das Genom weist einen
hohen Guanin und Cytosin Anteil (63-64%) auf. Dieses Genom besteht aus einer
linearen, etwa 135 kb groRen dsDNA und ist am Ende kovalent als Haarnadelstruktur
geschlossen (93) [Ubersichtsartikel (94)].

2.21 Die Reifung der Pockenviren

Um die unterschiedlichen Reifungsformen von Pockenviren zu beschreiben wird im
Folgenden die hierfiir giiltige neue Nomenklatur verwendet [Ubersichtsartikel (95)].
Von VV gibt es zwei infektiose Formen zum Einen das MV (mature virion) und zum
Anderen das EV (extracellular virion). Das EV besitzt im Gegensatz zu MV eine
zusatzliche Hullmembran. Beide Formen geben nach dem Zelleintritt ihr Genom in
das Zytoplasma der infizierten Zelle ab. Das virale Genom befindet sich in einem
,core-Kompartiment’ und es wird vermutet, dass sich dieser ,core’ entlang des
mikrotubularen Netzwerks der infizierten Zelle bewegt (96). Im Bereich des ER
kommt es dann zu einer Akkumulation der ,core-Kompartimente‘ (97). Diese Virus-
Kompartimente enthalten zusatzlich zum viralen Genom etwa 100 virale mRNAs.
Diese RNAs werden nun ATP-abhangig in das Zytoplasma der infizierten Zelle
transportiert, wo sie anschlieBend translatiert werden konnen. Diese frihe
Proteinbiosyntese hat in erster Linie den Zweck den ,core‘ des Virions zu 6ffnen, die
virale DNA frei zu setzen und Replikation des viralen Genoms zu initiieren

[Ubersichtsartikel (98)]. Die intermedidre und spate DNA Replikation von VV wie
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auch von ORFV findet in einer Art ,Virus Fabrik® im Zytoplasma der Zelle statt. Die
Replikationseinheiten sind mit einer Membran umgeben, welche bei VV aus dem
rauen ER entstammt. Die Umhullung der Replikationseinheit ist ein zeitlich
begrenzter Prozess. Hierfur verantwortlich ist das fruihe VV Protein E8R, welches
zunachst die Umhdullung initiiert. Nachfolgend wird es phosphoryliert, wodurch die
Bindung an die DNA abnimmt und die Membran des ER von der Replikationseinheit
dissoziiert (99). Die Biogenese der Virionen beginnt mit der Bildung einer
sichelféormigen Membran in IVs (immature virions) in der Nahe der DNA-
Replikationseinheit. Nach Aufnahme von DNA reifen die IVs in backsteinformige
MVs. Ein geringerer Anteil der MVs entwickelt sich zu EVs weiter, indem sie von dem
TGN oder den Endosomen der Zelle eine weitere Membran erhalten. Am
mikrotubularen Netzwerk entlang gelingt der Transport der EVs zur Plasmamembran,
wo die aulere EV Membran mit der Plasmamembran fusioniert. Die hierdurch
entstandenen Virionen werden so im Anschluss aus der Zelle entlassen
[Ubersichtsartikel (98)].

2.2.2 Replikation und Transkription des Genoms der Pockenviren

Poxviridae sind die einzigen DNA Viren bei denen die DNA Replikation im
Zytoplasma anstatt im Nukleus von infizierten Zellen stattfindet. Die Virus Replikation
wie auch der Lebenszyklus ist bei VV als Modelvirus der Pockenviren intensiv
untersucht worden. Das Genom, virale Enzyme und andere Faktoren, welche
unabdingbar fur die Transkription von frihen VV Genen sind, befinden sich im ,core-
Kompartiment‘ von infektidsen Viruspartikeln [Ubersichtsartikel (100)]. Dahingegen
sind DNA Replikationsproteine nicht in das ,core-Kompartiment' verpackt, sondern
werden von frihen viralen mRNAs translatiert [Ubersichtsartikel (101)]. Die
Replikation der viralen DNA erfolgt nachdem das Genom das ,core-Kompartiment'
verlassen hat. Hier dienen dann DNA Tochterprodukte als Schablonen flr
intermediale und spate Gentranskription (102). Die Koordination der
Genomreplikation und der Zusammenbau der Virionen von Pockenviren sind durch
zeitlichen Versatz der Expression einzelner viraler Gene geregelt. Proteine, die bei
der DNA Replikation, der Nukleotid-Synthese und der intermediaren Transkription
beteiligt sind, gehdren zur Gruppe der fruhen-Genklasse; Proteine, die bei der
Morphogenese und Zusammenbau des Virions beteiligt sind, zahlen zur Gruppe der
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post-replikativen, intermedidren und spaten-Genklasse [Ubersichtsartikel (103)]
(104). Pockenviren kodieren eine DNA Polymerase, deren katalytische Untereinheit
homolog zu anderen viralen wie auch eukaryotischen a und & DNA Polymerasen ist
[Ubersichtsartikel (101)]. Die replizierte DNA liegt dann in Form eines unverzweigten
Konkatemers vor [Ubersichtsartikel (101)]. Etwa die Halfte der VV Gene gehort zur
Klasse der frihen Gene und die Initiation der Synthese dieser fruihen Gene benotigt
nur eine geringe Anzahl an Transkriptionsfaktoren sowie Adenosintriphosphat als
Energiequelle [Ubersichtsartikel (103)]. Neuere Untersuchungen charakterisierten die
Transkription von Genen der Pockenviren, ob diese durch fruhe, intermediare oder
spate Promotoren reguliert werden (102, 105). Die fruhe Expression von Genen der
Pockenviren oder auch der inserierten Fremdgene bendtigt transkriptionelle
Promotoren, welche durch den RNA Polymerase Komplex der Pockenviren erkannt
werden konnen (106). Die frUhen Promotoren von Pockenviren weisen die
Konsensussequenz 5° AAAAAAGTGAAAAAATI/A 3° auf (107). Studien zeigten, dass
die Motive von frihen ORFV Promotoren groRe Ahnlichkeiten mit denen des VV
aufweisen (108, 109). Eine grolRere Effizienz von frihen VV spezifische Promotoren
im Vergleich zu herkdmmlichen und bei Vektor-Vakzinen verbreiteten p7,5 und pS
Promotoren konnte erreicht werden, indem verschiedene Tandem-Elemente in die
Sequenz der Promotoren eingefugt wurden (110-112). Auch konnte fur MVA die
frihe Genexpression, durch verlangerte ,spacer’ Sequenzen zwischen Promotor und
Fremdgen, verstarkt werden (113). Die intermediare Gentranskription wiederum wird
durch  Promotoren gesteuert, welche Uber ein Initiationselement am
Transkriptionsstart und eine vorgeschaltete A-T reiche Region verfugen (114). Des
Weiteren sind hierfir mehrere virale Proteine notwendig, moglicherweise auch die
virale RNA Polymerase [Ubersichtsartikel (103)]. Neu synthetisierte RNA Polymerase
ist unabdingbar fur die Transkription von Genen der spaten Genklasse (115). Die
spate Gentranskription wird haufig durch das wenig variantenreiche TAAAT oder
TAATG Element initiiert [Ubersichtsartikel (103)] (116). Hierbei wird die Translation
der RNA durch das vorhandene Trinukleotid ATG bestimmt, welches spater zu
Methionin translatiert wird (104). Bei Pockenviren wird die fruhe Gentranskription
durch eine Terminationssequenz beendet; dies geschieht etwa 30-50 Nukleotide
Strang abwarts des Signals auf der DNA [Ubersichtsartikel (103)]. Dieses Signal
besteht aus der Abfolge S'TTTTTNT3’, wobei N jedes mogliche Nukleotid sein kann
(117). Die Termination der intermediaren und spaten Gentranskription bedarf keiner
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spezifischen Signalsequenz, jedoch gibt es Hinweise auf einen aktiven Mechanismus
durch virale Proteine, der die Transkription der intermediaren und spaten Gene von
VV beendet [Ubersichtsartikel (118)]. Mutationen oder das Fehlen des VV Protein
A18R fuhrten zu deutlich langeren Transkripten, wobei Mutationen innerhalb des
G2R Proteins zu verkiirzten Transkriptionsprodukten fihrte [Ubersichtsartikel (118)]
(119).

2.2.3 Immunantwort des Wirts und Immunmodulation durch das Orf Virus

Das naturliche Wirtsspektrum von ORFV sind kleine Wiederkauer wie Schafe und
Ziegen. Ansonsten ist der Wirtsbereich auch in vitro auf wenige Zellspezies eng
begrenzt, was wiederum ein hervorzuhebender Sicherheitsaspekt fur die
Verwendung als Vektor-Impfstoff ist. Das ORFV infiziert die epidermalen
Keratinozyten der Tiere. Im Verlauf der Infektion kommt es vor allem an den Lippen,
den Mundschleimhauten und Nustern zu kontagiosen, pustulésen und proliferativen
Lasionen der Haut. Auch innere Bereiche des Mauls wie die Zunge konnen betroffen
sein. Zudem bildet sich Wundschorf und das Auftreten von Eiter ist keine Seltenheit.
Eine Schadigung des aulleren Epithels ist Voraussetzung fur die Infektion mit ORFV,
wobei immer nur lokale Bereiche betroffen sind und sich die ORFV Infektion nicht
systemisch ausbreitet [Ubersichtsartikel (94, 120)].

Das virulente Feldvirus ist auch zur zoonotischen Infektion des Menschen in der
Lage. Betroffen sind hauptsachlich Personen aus den Bereichen der Landwirtschaft,
Fleischverarbeitung und Veterinarmedizin. In seltenen Fallen, vor allem bei
immundefizienten beziehungsweise immunsupprimierten Personen, kann es zur
Ausbildung einer atypischen, stark proliferierenden Lasion, dem sogenannten ,Giant
Orf', kommen (121, 122).

ORFV besitzt die Eigenschaft mit antigenprasentierenden Zellen, wie DC und
Langerhans-Zellen der Haut, zu interagieren und I6st hierdurch Reaktionen des
angeborenen und adaptiven Immunsystems aus [Ubersichtsartikel (123)]. Es wird
vermutet, dass das ORFV sowohl Monozyten wie auch DC uber den CD14/Toll-like
Rezeptor Signalweg aktivieren kann und es zur Ausschuttung von pro-
inflamatorischen Zytokinen, wie auch der TH-1 Zytokine IL-12 und IL-18 kommt
[Ubersichtsartikel (124)].
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Das ORFV besitzt Gene fur verschiedene Virulenz- und Evasions-Faktoren, die dem
Virus die Moglichkeit bieten die Immunantwort des Wirts zu umgehen
[Ubersichtsartikel (125, 126)]. Hierzu gehért das ORFV IFNR (ORF020), das CBP
(ORF112) und der GIF (ORF117) (127, 128) [Ubersichtsartikel (123)]. Des Weiteren
kodiert ORFV fur ein Heparin-Binde-Protein (F1L, ORF059), ein IL-10 Homolog (vIL-
10, ORF127), das Virulenzgen vegf-e (ORF132) und das Protein ORF125 welches
ein Bcl-2 ahnliches Protein ist und die mitochondrielle Apoptose von Zellen hemmt
(129, 130). Als weitere Faktoren wurden im Jahr 2010 das Gen ORF024 identifiziert,
das fur einen Aktivierungsinhibitor von NF-kB kodiert sowie im Jahr 2011 ORF002,
welches spezifische Reaktionen innerhalb des Zellkerns inhibiert, dies wiederum
bewirkt eine reduzierte Transkription von NF-kB und dem Protein ORF121, welches
ein weiterer NF-kB Inhibitor ist (131-133). Die Einflussnahme von ORFV auf die
Transkriptionsfaktoren der NF-kB Familie beeintrachtigt dadurch direkt die
Expression von zellularen Genen die bei der angeborenen Immunitat,
Entziindungsreaktionen oder Zellproliferation von Bedeutung sind [Ubersichtsartikel
(134, 135)].

Das zuvor angefuhrte ORFV IFNR ist ein Resistenzfaktor gegen IFN, der fahig ist die
RNA-abhangige Proteinkinase auf eine ahnliche Weise zu inhibieren wie das E3L
Genprodukt von VV (136). Das von ORFV kodierte vIL-10 ist ein Virulenz-Faktor mit
einer hohen Homologie zu IL-10 anderer Saugetiere (137). Die
immunsupprimierende Wirkung auf den Wirt zeigt sich dadurch, dass es die
Synthese von Zytokinen und die Reifung von murinen sowie humanen DC hemmt
(138-140). AuRerdem wurde gezeigt, dass das virale vIL-10 wie auch das IL-10 von
Saugetieren Entzundungsreaktionen reduzieren und die Wundheilung beschleunigen
kann (141). Zudem fuhrten Infektionen mit ORFV Mutanten, welche vIL-10 nicht
exprimierten, zu hoheren IFN-y Mengen im Gewebe von Schafen verglichen zu
ORFV mit vIL-10 (142). In der viralen Pathogenese besitzt das von ORFV exprimierte
VEGF-E eine zentrale Rolle (143). Es verstarkt die Proliferation von Endothelzellen
und die Angiogenese in Lasionen im Schaf wie auch beim Menschen (144-146). Ein
moglicherweise weiterer Virulenzfaktor ist die von ORFV kodierte, fur das
Viruswachstum nicht essentielle aber funktionelle UTPase (ORF007) (147). Da das
Fehlen dieses Enzyms zur Attenuierung von mutanten Alphaherpesviren flhrte,
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wurde vermutet, dass es sich um ein Protein handelt, welches die Virulenz
beeinflussen konnte (148, 149).

Durch die frihe Expression dieser immunmodulatorischen Proteine hat das ORFV
die Fahigkeit in die Prozesse der Immunabwehr des Wirtes einzugreifen, was
wiederum die Bildung infektioser Viruspartikel beglnstigen kann. Diese
Mechanismen ermoglichen die Replikation des ORFV, bevor der Wirt seine
Immunabwehr gegen das Virus gebildet hat. ORFV besitzt die Fahigkeit nach
naturlichen Infektionen seine Wirte wiederholt zu infizieren, wobei dies zu einer
verstarkten inflammatorischen Immunantwort des Wirts fiihrt [Ubersichtsartikel (123,
150)]. Eine maligebliche Beteiligung der humoralen Immunantwort und somit die
Bildung von neutralisierenden Antikorpern gegen das ORFV scheinen nicht
vorzuliegen (151). Die beschriebenen Evasionsmechanismen, welche das ORFV
entwickelt hat, konnten die Moglichkeit der Reinfektion seiner Wirte erlauben
[Ubersichtsartikel (94)].

Fur das ORFV wurde auch die Eigenschaft beschrieben in inaktivierter Form
immunmodulatorisch wirken zu konnen, indem es anti-inflammatorische und TH-1
Zytokine induziert und darauf folgend auch TH-2 Zytokine anregt [Ubersichtsartikel
(152)]. Beispielsweise wurde beschrieben, dass inaktiviertes ORFV in vitro porcine
PBMCs aktiviert oder beim Hund die Proliferation von T-Zellen sowie Monozyten
induziert (153, 154). Modulierende Interaktionen von inaktiviertem ORFV mit dem
Immunsystem wurden auch in verschiedenen weiteren in vivo Modellen beschrieben.
Die Applikation von inaktiviertem ORFV reduzierte in der Maus die Replikation von
HBV und konnte auch die klinischen Symptome nach Infektion mit Herpes Simplex
Virus reduzieren (155) [Ubersichtsartikel (152)]. Interessanter Weise konnte auch
eine anti-tumorale Wirkung sowohl von inaktiviertem als auch von lebendem ORFV in
verschiedenen Modellen der Maus gezeigt werden (156, 157). Eine wichtige Rolle
wurde hierbei den NK zugeschrieben (157). Weitgehend unklar ist, welche Faktoren
des inaktivierten ORFV fur diesen Effekt der Immunmodulation verantwortlich sind.
Ein I6slicher Faktor, der von Zellen nach der Infektion mit ORFV produziert wird,
konnte hierfir ausgeschlossen werden, da virusfreie Uberstande von infizierten
Zellen keine immunstimulierende Eigenschaften aufwiesen (158). Nachdem durch

Untersuchungen mit Proteinase K ausgeschlossen werden konnte, dass DNA fur den
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immunmodulatorischen Effekt verantwortlich ist, liegt die Vermutung nahe, dass der

Effekt Proteinen von Viruspartikeln zuzuschreiben ist (158).

2.2.4 ORFV Stamm D1701 als neuer viraler Vektor

D1701 ist ein hochattenuierter ORFV Stamm, der urspruanglich aus einem Virusisolat
eines Schafs gewonnen wurde (159, 160). Der auf BKKL-3A Zellen (bovine
Nierenzellen) adaptierte ORFV Stamm D1701 eignet sich unter anderem durch eine
erhohte Attenuierung fur den Einsatz als Vakzine und wurde zeitweise gegen
Ecthyma contagiosum im Schaf eingesetzt (159). Eine weitere Adaption zum
Wachstum in Vero Zellen (Affennierenzellen, Chlorocebus) fuhrte zu Deletionen in
drei Regionen im Genom des ORFV Stamm D1701, welche zu einer weiteren
Attenuierung des D1701 fuhrte und selbst die Pathogenitat im natirlichen Wirt
(Schaf) stoppte [Ubersichtsartikel (124, 161)] (162). Die stabile Insertion von
fremden, viralen Genen unter der Kontrolle des frihen vegf-e Promotors fuhrte zu
sehr guten Genexpressionen und Protektionsergebnissen insbesondere in Tieren, in
denen ORFV sich nicht vermehrt (1, 163-169). Bemerkenswerterweise konnte mit
rekombinanten ORFV ein Schutz gegen PRV im Schwein induziert werden (164,
167). Dies ist im Schwein, dem naturlichen Wirt von PRV, meist nur mit Impfstoffen
mdglich, die alle PRV spezifischen Antigene beinhalten [Ubersichtsartikel (170)].
Zudem konnte bei diesen PRV Infektionsversuchen auch ein Schutz durch
heterologe Prime (DNA-Vakzine) / Boost (ORFV-Rekombinante) Immunisierungen
induziert werden (164). Auch wurde eine langanhaltende und schutzende Immunitat
durch eine ORFV-Rekombinante beschrieben, welche in der Ratte gegen das
Bornavirus untersucht wurde (163).

Des Weiteren wurden andere ORFV-Rekombinanten entwickelt, die das Peptid EG95
exprimieren und im Schaf auf ihre Immunogenitat gegen den Parasiten Echinococcus
granulosus untersucht wurden (106, 171). Da diese Rekombinanten jedoch mit dem
virulenten ORFV Stamm NZ2 hergestellt wurden, bleibt zu klaren ob sie den
Ansprichen der biologischen Sicherheit genugen konnen. Au3erdem wurde hier nur
die Fremdgen-spezifische Antikorperantwort und kein Schutz gegen eine
Belastungsinfektion getestet. Zudem wurde kurzlich eine ORFV-Rekombinante

beschrieben, in der das ,spike'-Protein von PEDV (Virus der epizootischen
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Virusdiarrhoe des Schweins) in den ORFV121 Genort des ORFV Stamm |A82
inseriert wurde (172). Nach der Immunisierung von Schweinen und einer
anschliellenden Belastungsinfektion konnte diese Rekombinante die klinische
Symptomatik der epizootischen Virusdiarrhoe verhindern sowie die Virusverbreitung
uber den Kot der Tiere verringern (172). Generierte ORFV-D1701-Rekombinanten
zeigten nach i.m. Immunisierung gute Erfolge bezuglich des Schutzes der Tiere
gegenuber viralen Pathogenen. Die frihe Genexpression der inserierten Fremdgene
ist hierbei unabhangig von der ORFV Replikation. Somit mussen keine neuen
Viruspartikel entstehen, um eine protektive Immunitdt zu erzeugen. Dies
gewahrleistet eine Expression des inserierten Fremdgens im permissiven wie auch
nicht-permissiven Wirt. Eine i.m. Immunisierung fuhrt moglicherweise zu einem
Depoteffekt der ORFV-Rekombinanten und zu einer Immunstimulierung der
regionalen Lymphknoten.

Der virale Vektor auf Basis des ORFV Stamm D1701 bietet durch seine Attenuierung
und Apathogenitat, der moglichen in vitro Vermehrung und Produktion auf Vero
Zellen, der reduzierten anti-vektoriellen Immunitat und der Fahigkeit zur Induktion
einer humoralen und zellularen Immunantwort gegen die inserierten Fremdgene
optimale Voraussetzungen fur die Entwicklung weiterer Impfstoffe nicht nur gegen
eine Vielzahl von Pathogenen.
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3 Ergebnisse und Diskussion

3.1 Methoden der Herstellung und Selektion neuer ORFV-Rekombinanten

3.1.1 Optimierung der Herstellung von ORFV-Rekombinanten

Die Generierung von ORFV-Rekombinanten ist aufgrund des groflen dsDNA
Genoms, der Tatsache, dass die Pockenvirus DNA nicht infektios ist und der relativ
geringen Wachstumsgeschwindigkeit von ORFV ein komplexer und zeitintensiver
Vorgang. Die Herstellung von neuen Rekombinanten erfolgt durch homologe
Rekombination zwischen dem Genom des parentalen Ausgangsvirus und einem
Transferplasmid, in dem das gewunschte Antigen von zu ORFV homologen
Sequenzen flankiert wird. Das Transferplasmid enthalt zusatzlich in 5° Richtung vor
dem Insert den fruhen vegf-e Promotor des ORFV. Dieser Promotor ermdglicht die
Transkription der inserierten Fremdgene zu einem sehr fruhen Zeitpunkt unabhangig
von der Replikation der ORFV DNA. Das parentale Ausgangsvirus D1701-VrV besitzt
anstelle des vegf-e Gens die Selektionskassette LacZ/Xgpt, wobei das LacZ Gen [3-
Galaktosidase exprimiert und bei erfolgreicher Rekombination die Selektionsgene
durch das Fremdgen ausgetauscht werden (1, 162, 163). Bei dieser Vorgehensweise
ergibt sich, dass bei einer Uberschichtung mit Agarose-Substrat Plaques der neuen
ORFV-Rekombinanten farblos erscheinen, wahrend Plaques, die vom elterlichen
Virus, B-Galaktosidase exprimierenden Virus erzeugt werden, blaulich gefarbt sind.
Die isolierten Plaques von potentiell neuen Rekombinanten wurden daraufhin durch
einen IPMA mit Hilfe von spezifischen Antikdrpern gegen ORFV sowie gegen das
inserierte Antigen getestet (173). Virusisolate, die im IPMA Test sowohl positiv fur die
Expression von ORFV Proteinen und des neuen Inserts waren, wurden fur weitere
Reinigungsschritte herangezogen. Diese Art der negativen Selektion ist relativ
zeitaufwendig, da ein einzelner Schritt der Virusplaque Reinigung mit
anschliellendem IPMA Test etwa eine Wochen in Anspruch nimmt. Zudem besteht
die Notwendigkeit, dass die gewahlten Antikdrper die Expression des Fremdproteins
auch sicher nachweisen konnen. Dies stellte sich bei der Selektion von
verschiedenen Rekombinanten oft als limitierender Faktor dar.

Um zum Einen die Effizienz der Erzeugung von ORFV-Rekombinanten zu erh6hen
und zum Anderen die Selektion von neuen Rekombinanten zu vereinfachen und zu

beschleunigen wurden mehrere Arbeitsschritte optimiert. Fur die Optimierung der
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Transfektionen von ORFV infizierten Zellen wurden Zeitdauer und Virustiter sowie die
Menge an Transferplasmid DNA variiert. Zusatzlich wurden verschiedene
Transfektions-Reagenzien und Techniken getestet. Die Kombination von geringen
Infektionsdosen (moi 0,01 bis 0,2) sowie einer auf Elektroporation beruhenden
Nukleofektion ermoglichte stabile, reproduzierbare und aullerst effiziente
Transfektionen, wie sie auch bei Transfektionen mit microRNA in Neuronen von

Saugetieren beschrieben wurden (174).

Die Aufreinigung der neu generierten ORFV-Rekombinanten konnte dahingehend
verbessert werden, dass statt dem auf Antikorper basierenden IPMA eine PCR fur
das jeweilige inserierte Gen etabliert wurde. Fir die praktische Umsetzung bedeutete
dies, dass nun DNA direkt aus den isolierten Virusplaques extrahiert und auf positive
Insertion des Fremdgens getestet werden konnte. Abbildung 3.1.1. zeigt
exemplarisch die Analyse mittels PCR von rekombinanten Viren nach der funften
Virusplaquereinigung fur die ORFV-Rekombinante D1701-V-HAhSn, in welche das
Gen HA von Influenza Virus A H5N1 inseriert wurde. Bis auf zwei Virusisolate (15
und 18) war durch die HA spezifische PCR das inserierte Gen in allen Isolaten
nachweisbar. In einer zweiten PCR wurde durch Detektion des parentalen LacZ
Gens die Reinheit der isolierten Rekombinante uberpruft. In den Isolaten 13, 16, 17

und 21 konnte das Ausgangsvirus D1701-VrV nicht mehr nachgewiesen werden, da
das LacZ Gens in der PCR nicht mehr nachweisbar war (Abb. 3.1.1).

12 345 6 78 9101112 1314 151617 18 1920 21 2223 24 H,O pk

Abbildung 3.1.1. Selektion von D1701-V-HAh5n durch PCR.

Horizontale, 0,8%ige Gelelektrophorese der flnften Virusplaquereinigung von 24 Isolaten der
ORFV-Rekombinanten D1701-V-HAh5n. PCR wurde mit DNA der Isolate und spezifischen Primern
fur HA5 und LacZ durchgefiihrt. Das inserierte Fremdgen HAS (459 bp) ist bis auf zwei Proben (15
und 18) in allen Isolaten nachweisbar. Das elterliche LacZ (508 bp) Gen ist bei den Proben 13, 16,
17 und 21 nicht mehr durch PCR detektierbar.
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Zusatzliche Zeitersparnis und erleichterte Selektion erbrachte die Umstellung auf ein
parentales ORFV, welches anstatt des LacZ Gens das Fluoreszenzgen AcGFP
(Aequorea coerulescens green-fluorescent protein) exprimierte. Diese Variante des
Fluoreszenzproteins GFP enthalt eine chromophore Mutation und ist auf
Aminosaurenbasis zu 94% homolog zu EGFP (Enhanced GFP). Zudem ist es codon-
optimiert, was in Saugetierzellen in einer 35-fach helleren Fluoreszenz mit sehr

ahnlichen Extinktions- und Emissions-Maxima resultiert (175).

Die Selektion rekombinanter Virusplaques konnte daraufhin direkt in vitro durch
Titrationen und Fluoreszenzmikroskopie durchgefuhrt werden und machte die
Uberschichtung der Zellen mit Agarose entbehrlich. Zudem bedeutete dies, dass fiir
ein homogenes Viruslysat weniger Virusplaguereinigungen notwendig waren. Bei
optimalem Titrationsverlauf und dem mikroskopischen Nachweis der neuen
Rekombinanten sollte ein einzelner Virusplaque nach einer Titration isolierbar sein.
Verunreinigungen mit parentalem Ausgangsvirus sollten in der darauffolgenden
Titration dann vollstandig entfernt werden konnen. Dass die fluoreszenzvermittelte
Selektion bei der Herstellung neuer Rekombinanten zu Zeitersparnis fuhrte, konnte
auch fur den virulenten ORFV Stamm |A82 gezeigt werden (176).

Die optimierte Methodik zur Herstellung und Selektion der ORFV-Rekombinanten
wurde in folgender Veroffentlichung publiziert:

Generation and Selection of Orf Virus (ORFV) Recombinants
Rziha HJ, Rohde J, Amann R

Alejandro Brun (ed.), Vaccine Technologies for Veterinary Viral Diseases: Methods
and Protocols, Methods in Molecular Biology, vol. 1349, DOI 10.1007/978-1-4939-
3008-1_12, Springer Science+Business Media New York 2016

3.1.2 Ubersicht der Herstellung nicht publizierter ORFV-Rekombinanten

Im Folgenden wird die Generierung einer Auswahl von verschiedenen ORFV-
Rekombinanten beschrieben, die Gene von unterschiedlichen Viren mit veterinar-
medizinischer Relevanz im ORFV Genom enthalten. Dafur wurde wie zuvor
beschrieben der vegf-e Gen Locus des ORFV fur die Insertion der Fremdgene
genutzt, wobei deren Transkription durch den frGhen vegf-e Promoter kontrolliert

wird.

24



Ergebnisse und Diskussion

Das Gruppe A Bovine Rotavirus (BRV) ist weltweit ursachlich flir Gastroenteritis bei
Kalbern und mitverantwortlich fur eine hohe neonatale Mortalitatsrate (177). Erhohte
Morbiditatsraten, geringere Wachstumsraten und daraus folgende hohe
Behandlungskosten und wirtschaftliche Verluste, welche durch diese Virusinfektion
verursacht werden, spiegeln die Notwendigkeit von effektiven Vakzinen wieder. Die
humane Rotavirus Infektion fuhrt bei Kleinkindern zu Durchfallerkrankungen, die vor
allem in Entwicklungslandern mit einer hohen Sterblichkeitsrate einhergehen
[Ubersichtsartikel (178)]. Das BRV kénnte als Modellvirus die Grundlage fur die
Entwicklung von Impfstoffen gegen das humane Rotavirus darstellen (179). Das
Rotavirus wird genetisch in sieben unterschiedliche Gruppen von A-G eingeteilt,
wobei die Grundlage hierfur die beiden immunogenen Oberflachenproteine VP4 und
VP7 sind [Ubersichtsartikel (180)]. Das ikodsaedrische, nicht umhiillte dsRNA Virus
gehort zur Familie der Reoviridae und das Genom kodiert jeweils sechs Struktur- und
Nichtstrukturporteine [Ubersichtsartikel (178)]. Gegen die beiden &uReren
Kapsidproteine VP4 und VP7 konnen unabhangig voneinander neutralisierende
Antikorper gebildet werden. Zudem wird VP4 durch Trypsin in die Proteine VP8 und
VP5 gespalten, was fur die Infektiositat des Virus notwendig ist (181, 182). Die
mittlere Schicht des Viruspartikels besteht aus dem Strukturprotein VP6, welches
ebenso immunogen wirkt, aber keine neutralisierenden Antikorper induzieren kann.
Eine vielversprechende Impfstrategie besteht darin, durch Impfstoffe rotavirus-
spezifische Antikorper zu induzieren, welche von trachtigen Kuhen in utero auf ihre
ungeborenen sowie postnatal an die neugeborenen Kalber Gber die Milch Ubertragen
werden (183). Eine Vakzinierung gegen BRV kann generell die Morbiditat, die
Diarrhoe bedingte Mortalitat sowie die Verbreitung von Rotaviren durch infizierte
Kalber verringern [Ubersichtsartikel (184)]. AuBerdem sind Antikdrper gegen VP6
kreuzreaktiv gegen Gruppe A Rotaviren und somit kdnnte diese Vakzinierung einen
heterologen Schutz bewirken (185). Auf Grundlage der beschriebenen immunogenen
Eigenschaften der BRV Proteine, wurden die entsprechenden Gene zur Insertion in
das ORFV ausgewahlt (Tabelle 3.1.2). Die protektiven Fahigkeiten der neu
hergestellten Rekombinanten gegen BRV konnten bisher nicht im Tierversuch
getestet werden.

Neben ORFV-Rekombinanten, welche Antigene des BRV exprimieren, wurden auch

Rekombinanten mit Fremdgenen vom Blauzungenvirus (BTV) des Serotyps 8
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generiert. BTV ist eine weitere Gattung (Orbivirus) der Reoviridae und verursacht bei
Wiederkauern die Blauzungenkrankheit. Diese Erkrankung betrifft vor allem Schafe
und Rinder und zeichnet sich bei schweren Krankheitsverldufen durch
hamorrhagische und nekrotische Lasionen des oberen Gastrointestinaltrakts, Odeme
und hamorrhagische Lymphknoten aus [Ubersichtsartikel (186)]. Ubertragen wird das
Virus durch Vektoren der Stechmiickengattung Culicoides [Ubersichtsartikel (186)].
BTV breitete sich in den letzten Jahren geographisch Uber weite Teile der Erde aus,
vor allem auch in Nordeuropa, wo BTV zuvor nicht nachgewiesen wurde (187). Das
segmentierte Genom kodiert sieben Strukturproteine (VP1 bis VP7), wobei die
auleren Kapsidproteine VP2 und VP5 verantwortlich fur Zelladhasion und Zelleintritt
des Viruspartikels sind. Es wird VP2 zur Charakterisierung der bisher 26
identifizierten Serotypen von BTV herangezogen, da eine Korrelation von
Serumneutralisationstests  (serotypspezifisch) und  der  unterschiedlichen
Aminosaurensequenzen des VP2 besteht (188). Das Protein VP2 st
hauptverantwortlich fur die Aktivierung von neutralisierenden Antikorpern
[Ubersichtsartikel (189)]. Der Serotyp 8 des BTV wurde als erster Stamm identifiziert,
der sich 2006 vom Mittelmeerraum bis nach Nordeuropa ausbreitete
[Ubersichtsartikel (186)]. Um eine Ausbreitung dieses Virus zu verhindern wurden
inaktivierte Impfstoffe verwendet, die den Vorteil einer hoheren biologischen
Sicherheit gegenlber lebend attenuierten Impfstoffen besitzen [Ubersichtsartikel
(190)]. Diese sind jedoch teurer in der Produktion und zudem sind mehrere
Wiederholungsimpfungen notwendig, um einen ausreichenden Schutz zu induzieren
[Ubersichtsartikel (190)]. Ein weiterer wichtiger Bestandteil fiir die Herstellung einer
erfolgreichen Vakzine scheint VP7 zu sein. Es konnten in der Maus T-Zell Epitope
des VP7 identifiziert werden, welche auch im Schaf erkannt wurden (191). Des
Weiteren wurde beschrieben, dass CTL auch gegen Nichtstrukturproteine wie NS1
gerichtet sind (192). Sowohl virusneutralisierende Antikorper wie auch CTL sind
notwendig beim Aufbau einer protektiven Immunitat gegen BTV (193, 194).

Weitere ORFV-Rekombinanten wurden mit Fremdgenen des Erregers der
Afrikanischen Pferdepest (AHSV), das ebenfalls der Gattung Orbivirus zugehorig ist,
hergestellt. Der vorrangige Zweck war die Induktion einer auf CTL beruhenden
Immunantwort in Pferden. AHSV verursacht die Afrikanische Pferdepest bei

Maultieren, Eseln und Pferden wie auch bei Zebras, hier jedoch mit milderen

26



Ergebnisse und Diskussion

klinischen Symptomen [Ubersichtsartikel (195)]. Die Erkrankung zeichnet sich durch
Fieber, Appetitlosigkeit und Lasionen aus und zudem sind respiratorische sowie
vaskuldre Funktionen der Lunge durch die Bildung von Odemen beeintrachtigt
[Ubersichtsartikel (196)]. Das AHSV ist endemisch im tropischen Afrika, zudem
kommt es sporadisch in Teilen Nordafrikas und dem Mittleren Osten vor und wurde
aullerdem auf der Iberischen Halbinsel nachgewiesen (197). Aktuell gibt es die
Besorgnis, dass sich dieses Virus durch Culicoides Arten weiter innerhalb Europas
ausbreiten konnte. Das AHSV Genom kodiert die Strukturproteine (VP1-VP7) wie
auch Nichtstrukturproteine (NS1-NS3) und es konnten bisher neun verschiedene
Serogruppen fur das Virus identifiziert werden (197). Die Proteine VPS5 und VP7
befinden sich auf der Oberflache des Viruspartikels, beziehungsweise des Kapsids
und weisen die hochste Variabilitat von AHSV auf. Da es gegen die Afrikanische
Pferdepest aktuell keine Behandlungsmoglichkeit gibt, stellen effektive Impfstrategien
die vielversprechendsten Ansatze zur Bekampfung der Krankheit dar. Lebend
attenuierte AHSV-Impfstoffe sind kommerziell verfiUgbar und werden beispielsweise
in Slidafrika gegen die meisten Serotypen eingesetzt [Ubersichtsartikel (198)].
Problematisch anzusehen ist jedoch, dass die Moglichkeit einer Vermischung von
Genen zwischen dem lebend attenuierten Impfstamm und dem Wildtyp Virus besteht
und so neue, gefahrlichere Varianten entstehen konnen. Ansatze zur Entwicklung
von neuartigen Impfstoffen gibt es derzeit im Bereich von inaktivierten Impfstoffen,
DNA- sowie Vektor-Vakzinen (197). Auch die Entwicklung von ,core-like* Partikeln,
die aus den Kapsid Proteinen VP3 und VP7 bestehen, kdnnen die Grundlage fur
neue Impfstoffe gegen AHSV sein (199). Zudem wird durch die Technik ,reverse
genetics’ und dem darauf beruhendem spezifischen Genaustausch von VP2 und der
Deletion von NS3/NS3a, die Herstellung von Vakzinen gegen alle Serotypen von
AHSV ermdglicht (200).

Ein weiteres Ziel fir neue ORFV Vektor-Vakzinen war die Maul- und Klauenseuche
(MKS). MKS ist eine hochansteckende Erkrankung bei Paarhufern wie Rindern,
Buffeln, Schweinen, Schafen und Wildtieren. Der Erreger ist das Maul-und-
Klauenseuche-Virus (FMDV), ein ssRNA Virus der Familie Picornaviridae
[Ubersichtsartikel (201)]. Das FMDV kommt so gut wie Uberall auf der Welt vor, ist
aber in den wirtschaftlich hoher entwickelten Landern weitestgehend ausgerottet
[Ubersichtsartikel (202, 203)] (204). Eine Infektion kann in der Landwirtschaft zu
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betrachtlichen oOkonomischen Verlusten fuhren. Mit dem Virus infizierte Tiere
entwickeln Fieber sowie Aphten im Bereich der Mundschleimhaut und Klauen
[Ubersichtsartikel (205, 206)]. Die dominanten Immunogene sind die viralen
Oberflachenproteinen VP1, VP2 und VP3. Ein weiteres immunogenes Strukturprotein
(VP4) befindet sich dagegen nicht auf der Oberflache des Viruspartikels. Diese
Proteine entstehen jedoch erst durch die Prozessierung des vorlaufigen
Kapsidproteins (P1-2A) durch die FMDV kodierte 3C Protease zu den Nachfolger-
Proteinen VPO, VP3 sowie VP1 [Ubersichtsartikel (201)]. Nachfolgend wird das VPO
im Verlauf der Auflosung des Kapsids zu VP4 und VP2 gespalten [Ubersichtsartikel
(201)]. Dies stellt auch die Entwicklung von rekombinanten Vektor-Impfstoffen vor
Schwierigkeiten, da gewahrleistet werden muss, dass die 3C Protease korrekt und in
ausreichender Menge exprimiert wird. Bei der Herstellung der neuen ORFV-
Rekombinanten wurde die Expression der Nachfolger-Proteine dadurch
gewahrleistet, dass die 3C Protease direkt an das Kapsidprotein fusioniert wurde. Die
Kontrolle der Expression der gesamten Genkassette erfolgte auch hier durch den
vegf-e Promoter von ORFV. Von FMDV existieren sieben serologisch
unterschiedliche Subtypen wie zum Beispiel die Serotypen O, A und Asia1l
[Ubersichtsartikel (207)] (208). Existierende inaktivierte Impfstoffe haben den
Nachteil, dass sie nur unzureichend gegen die spezifischen Serotypen des FMDV
schiitzen [Ubersichtsartikel (209)]. Des Weiteren gibt es Untersuchungen zu Peptid-,
DNA-, lebend attenuierten- und anderen Vektor-Vakzinen [Ubersichtsartikel (209,
210)]. Beispielsweise induzierte eine Vektor-Vakzine, basierend auf dem humanen
und replikationsdefizienten Adenovirus, in Rindern und Schweinen einen kompletten
Schutz gegen FMDV (211). Vielversprechende Ergebnisse wurden auch fur eine
Peptid-Vakzine beschrieben, welche in Form von Dendrimeren die Induktion von
FMDV neutralisierenden Antikorpern eine spezifische T-Zell Antwort und einen
Schutz in Schweinen bewirkte (212).

Die Tabelle 3.1.2. gibt einen Uberblick der generierten ORFV-Rekombinanten und
zeigt, welche Gene der beschriebenen Erreger in das ORFV Genom erfolgreich

inseriert wurden.
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Tabelle 3.1.2. Generierte ORFV-Rekombinanten

Virus Inseriertes  Nachweis ORFV-Rekombinante Parentales Virus
Gen Gen/Protein

Bovines Rotavirus® VP4 +/+ D1701-V-BR-VP4 D1701-VrV

Bovines Rotavirus VP5 +/+ D1701-V-BR-VP5 D1701-VrV

Bovines Rotavirus VP6 +/+ D1701-V-BR-VP6 D1701-VrV

Bovines Rotavirus VP7 +/+ D1701-V-BR-VP7 D1701-VrV

BTV-8° VP2 +/+ D1701-V-BTV8-VP2 D1701-V-AcGFP
BTV-8 VP7 +/+ D1701-V-BTV8-VP7 D1701-V-AcGFP
BTV-8 NS1 +/ng® D1701-V-BTV8-NS1 D1701-V-AcGFP
AHSV-9° VP2 +/+ D1701-V-AH9-VP2 D1701-V-AcGFP
AHSV-9 VP5 +/+ D1701-V-AH9-VP5 D1701-V-AcGFP
AHSV-9 VP7 +/ng D1701-V-AH9-VP7 D1701-V-AcGFP
AHSV-9 NS1 ng/ng D1701-V-AH9-NS1 D1701-V-AcGFP
FMDV-O° 2A +/+ D1701-V-FMD-O-2A D1701-V-AcGFP
FMDV-O 2A+2B +/+ D1701-V-FMD-O-2B D1701-V-AcGFP
FMDV-A 2A +/ng D1701-V-FMD-A-2A D1701-V-AcGFP
FMDV-A 2A+2B +/ng D1701-V-FMD-A-2B D1701-V-AcGFP
FMDV-Asia1 2A ng/ng D1701-V-FMD-AS1-2A D1701-V-AcGFP

In Zusammenarbeit mit T. Vahlenkamp, Universitat Leipzig

®In Zusammenarbeit mit C. Pinoni et al., IZSAM, Teramo, Italien und M. Cabana et al., Pfizer,
Olot, Spanien

°In Zusammenarbeit mit M. Cabana et al., Pfizer, Olot, Spanien

ln Zusammenarbeit mit M. Hosamani et al., Indian Veterinary Research Institute (IVRI),
Bangalore, Indien

°nicht-getestet

Die neu hergestellten  Rekombinanten  wurden  durch  verschiedene
Nachweismethoden auf ihre Fremdgenexpression untersucht. Auf genomischer
Ebene wurden die in das ORFV Genom eingefugten Gene durch PCR Nachweise
sowie Analysen mittels Restriktionsenzymen und Northern Blot charakterisiert. Der
Nachweis der Proteinexpression erfolgte durch Methoden wie Western Blot,

Immunfluoreszenz oder IPMA.

Fur die Charakterisierung der einzelnen Rekombinanten ist exemplarisch in
Abbildung 3.1.2.1. die Expression des VP2 in D1701-V-BTV8-VP2 infizierten Vero
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Zellen mittels Western Blot (168) nach 4, 8, 12, 24 und 33 Stunden nachgewiesen.
Nach Auftrennung durch SDS-PAGE und Western Blot Analyse mit einem
spezifischen Kaninchen-Antiserum gegen BTV-8 konnte bereits nach 12 sowie nach
24 und 33 Stunden nach Virusinfektion das etwa 111 kDa grof3e VP2 Protein des
BTV-8 nachgewiesen werden, dessen Spezifitdt in der positiven Kontrolle (pk,
infizierte Vero Zellen) bestatigt wurde. Die negativen Kontrollen, wie nicht-infizierte
Zellen (ni) und mit parentalem D1701-V infizierte Vero Zellen (V) blieben negativ
(Abb. 3.1.2.1. Spuren ni und V).

Abbildung 3.1.2.1. VP2 Nachweis des D1701-V-BTV8-VP2 durch Western Blot

Proteinlysate wurden nach 4, 8, 24 und 33 Stunden aus D1701-V-BTV8-VP2 infizierten (moi 3)
Vero Zellen (etwa 2x10° Zellen/Lysat) hergestellt. Als Kontrollen dienten nicht-infizierte Zellen
(ni), Lysate infiziert mit D1701-V (V) sowie eine positive Kontrolle (pK) fur den VP2 Nachweis.
Die Proben wurden durch eine SDS-PAGE (Natriumdodecylsulfat-Polyacrylamid-
gelelektrophorese) aufgetrennt und auf eine PVDF (Polyvinylidenfluorid) Membran Ubertragen.
Die VP2 Detektion erfolgte mit spezifischem Kaninchen-Antiserum und war 12 Stunden nach
Virusinfektion nachweisbar.

Als weiteres Beispiel einer Detektion der Fremdgenexpression von ORFV-
Rekombinanten ist in Abbildung 3.1.2.2. der Nachweis des AHSV-9 Protein VP5
durch IPMA (169) beschrieben. Nach der Titration von D1701-V-AH9-VPS in Vero
Zellen wurden diese Zellen vier Tage (sichtbarer CPE) spater fixiert und mit einem
VPS5 spezifischen monoklonalen Antikorper (10AE12, Ingenasa, Spanien) in einer
1:30 Verdunnung markiert. Die braun-rétliche Farbung im Bereich der Plaquebildung
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weist VPS5 in infizierten (Abb. 3.1.2.2. A) aber nicht in nicht-infizierten Zellen (Abb.
3.1.2.2 B) nach.

Abbildung 3.1.2.2. VP5 Nachweis von D1701-V-AH9-VP5 mit IPMA
D1701-V-AH9-VPS5 infizierte Vero Zellen wurden vier Tage spater mit Methanol fixiert
und die Expression von VP5 (A) wurde mittels IPMA in D1701-V-AH9-VPS5 infizierten
Vero Zellen mit einem VP5 spezifischen monoklonalen Antikorper (Verdinnung 1:30)
als primarer Antikérper sowie einem Peroxidase-markierten sekundaren Antikérper
nachgewiesen. Nicht-infizierte Zellen (B) dienten als Kontrolle und zeigten keine
spezifische rot-braune Farbung. 10-fache mikroskopische Vergroferung.

Rekombinanten, bei denen die Fremdgenexpression sowie die korrekte Insertion in
das Genom bestatigt werden konnten, wurden zur weiteren Viruspropagierung
verwendet. Immunisierungsstudien mit den beschriebenen ORFV-Rekombinanten
wurden mit den in Tabelle 3.1.2. erwahnten Kollaborationspartnern geplant und
teilweise durchgeflnhrt.

3.1.3 Publizierte ORFV-Rekombinanten

Kernarbeiten der vorliegenden kumulativen Dissertation sind zwei Arbeiten, bei
denen der attenuierte ORFV Stamm D1701-V zur Generierung von neuen viralen
Rekombinanten diente, deren aulderst protektiven Eigenschaften als Vakzine gegen
Infektionen mit RHDV, HPAIV H5N1 sowie H1N1 gezeigt werden konnte.
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A new recombinant Orf virus (ORFV, Parapoxvirus) protects rabbits against
lethal infection with rabbit hemorrhagic disease virus (RHDV)
Rohde J, Schirrmeier H, Granzow H, Rziha HJ; Vaccine 29 (2011) 9256-9264

Die hamorrhagische Krankheit der Kaninchen (RHD) ist eine weltweit auftretende,
todliche und hochansteckende Viruserkrankung. RHD ist verantwortlich fur hohe
Tierverluste in der Kaninchenzucht und ist in Europa sowie in Ostasien endemisch.
Ursachlich fur die Erkrankung ist das RHDV, welches ein nicht umhdilites
ikosaedrisches (+)ssRNA Virus ist und zu der Gattung der Lagoviren aus der Familie
der Caliciviridae gehort. Bestehende kommerzielle Vakzinen gegen RHDV sind
inaktivierte Virusisolate, welche aus der Leber RHDV-infizierter Kaninchen gewonnen
werden, da RHDV nicht in vitro in kultivierten Zellen propagiert werden kann. Es wird
angestrebt, Vakzinen zu entwickeln, die die Notwendigkeit einer artifiziellen Infektion
von Wirtstieren mit RHDV umgehen, die dem Tierschutz entsprechen und speziell

generierte Totimpfstoffe aus infizierten Kaninchen ersetzen kdnnen.

Das Kapsidprotein VP1 ist das immundominante Oberflachenprotein des RHDV und
wurde in den ORFV Vektor eingefugt, um die neue ORFV Rekombinante D1701-V-
VP1 zu generieren. Dafur wurden zuvor fur das Pockenvirus spezifische,
transkriptionsunterbrechende Stoppmotive (TSNT) aus dem VP1 Gen entfernt ohne
dabei die  Aminosaurensequenz  zu verandern (117). Verschiedene
Expressionsanalysen wie IPMA, Immunfluoreszenz und Western Blot bestatigten die
korrekte Expression des inserierten Gens VP1. Untersuchungen mittels
Immunfluoreszenz ergaben eine ausgepragte punktformige Verteilung von VP1 im
Zytoplasma von D1701-V-VP1 infizierten Zellen. Zudem konnten in dieser Studie
durch Elektronenmikroskopie die Strukturen von akkumulierten VP1 detektiert
werden und es gab deutliche Hinweise auf die Entstehung von ,virus-like particles’.
Die beobachtete Proteinakkumulation ist auch charakteristisch fur die fruhe
Gensynthese in ,Virus-Fabriken® des VV I3L Gens (213, 214).

Die neu generierte ORFV-Rekombinante wurde in Kaninchen auf ihre Fahigkeit
untersucht, eine protektive Immunantwort zu induzieren. Es zeigte sich, dass bereits
nach einer i.m. Immunisierung mit einer Dosis zwischen 10° — 10’ pfu von D1701-V-
VP1 alle Tiere die letale Belastungsinfektion mit RHDV (10.000x LD50) ohne
Anzeichen einer klinischen Symptomatik wie Lasionen, Fieber oder anderen

nachteiligen Nebenwirkungen (iberlebten. Bereits die niedrigste getestete Dosis (10°
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pfu) war bei einer einmaligen Immunisierung ausreichend, um alle Kaninchen vor der
letalen RHDV Infektion zu schiutzen. Im Vergleich bendtigen andere VP1
exprimierende Virus-Rekombinanten auf der Basis des VV und Kanarienpockenvirus
Impfdosen von 10 — 10° pfu nach subkutaner, intradermaler oder oraler Applikation,
um die Kaninchen erfolgreich zu schutzen (215, 216). WeiterfUhrende
Untersuchungen mit der ORFV-Rekombinanten konnten aufklaren, ob alternative
Immunisierungsrouten hohere Vakzinierungsdosen bendétigen. Eine Woche nach den
Belastungsinfektionen war kein RHDV in den mit D1701-V-VP1 immunisierten

Kaninchen mehr nachweisbar.

Abhangig von der Dosis und der Anzahl der Immunisierungen mit D1701-V-VP1
fuhrte dies zur Induktion von spezifischen RHDV Antikorpern. Alle Kaninchen, die
zweimal oder dreimal vakziniert wurden, erfuhren Serokonversion am Tag der
Belastungsinfektion. Dies galt fur alle getesteten Dosen. Einmalige Immunisierungen
mit héheren Dosen (10° und 10’ pfu) fiihrten ebenfalls zur Serokonversion. Nur
Kaninchen, die einmalig 10° pfu erhielten, zeigten dies nicht, waren aber ebenso
vollstandig gegen die RHDV Belastungsinfektion geschutzt. Dieses Fehlen von
spezifischen RHDV Antikorpern in geschutzten Kaninchen ist auRergewohnlich, da
ein Schutz gegen RHDV im Allgemeinen mit Serumantikorpern gegen das VP1
assoziiert ist (217-219). Jedoch beschrieb eine Studie mit einem rekombinanten
Kanarienpockenvirus, welches ebenso das VP1 Gen des RHDV exprimiert, dass es
auch hier keinen deutlichen Zusammenhang zwischen induziertem Schutz und der
Prasenz von spezifischen RHDV Antikérpern gab (215). Ob das gemessene IL-2 im
Serum von ORFV immunisierten Kaninchen im direkten Zusammenhang mit einer
Beteiligung der zellularen Immunantwort steht und ob die Induktion von IL-2
abhangig von VP1 ist oder von dem Virus induziert wird, missen weitere Analysen
des Vektors zeigen. Der inaktivierte kommerzielle Impfstoff RIKA-VACC war nicht in
der Lage IL-2 zu induzieren, allerdings ist fur humanes Calicivirus eine TH-1
Beteiligung fur den Aufbau eines Schutzes beschrieben (220). Aktivierte CDA4-
positive T-Zellen sind Produzenten von IL-2, welches wiederum zu Proliferation und
Aktivierung von CD8-positiven CTLs fuhrt. Es ist bekannt, dass ORFV in der Lage ist
eine ausgepragte TH-1 Antwort hervorzurufen [Ubersichtsartikel (124)] (221).
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Die neu generierte ORFV-Rekombinante ist eine sowohl hoch protektive als auch
sichere Vakzine und geeignet die aus infizierten Kaninchenleber hergestellten

inaktivierten Impfstoffe zu ersetzen.

New Orf Virus (Parapoxvirus) Recombinant Expressing H5 Hemagglutinin
Protects Mice against H5N1 and H1N1 Influenza A Virus
Rohde J, Amann R, Rziha HJ; PLoS ONE 8 (12) (2013): e83802

Infektionen mit hoch-pathogenen aviaren Influenzaviren (HPAIV) H5N1 weisen
Mortalitatsraten um die 60% fur Menschen auf [WHO (222)]. Wie alle Influenza A
Viren unterliegt auch H5N1 standiger evolutionar bedingter Veranderung. Die kurze
Generationszeit und die hohe Mutationsrate wahrend der RNA Replikation von
Influenzaviren fordern die genetische Veranderung. Dieser als Gendrift beschriebene
Vorgang kann durch die Vermischung des segmentierten Genoms von
unterschiedlichen Influenza A Viren (Genshift) zusatzlich verstarkt werden (223).
Eine Ubertragung von Mensch zu Mensch wurde bisher fir H5N1 nicht
nachgewiesen, konnte aber durch Adaption an den Menschen und hierdurch
entstehende Mutationen erfolgen. Ein potentielles Ziel solcher Veranderungen ist das
HA der Influenzaviren, das an den Sialinsaurerezeptor der Wirtszelle bindet. Das AlIV
bindet vorzugsweise an den a-2,3-Sialinsdurerezeptor, wohingegen humane
Influenzaviren an den a-2,6-Sialinsaurerezeptor binden, was das Wirtsspektrum
bedingt. Nur ein oder zwei Mutationen im Genom konnten AIV an den a-2,6-
Sialinsaurerezeptor binden lassen (224). Das Influenza Virus gehort zur Familie der
Orthomyxoviridae und ist ein behulltes (-)ssRNA Virus mit segmentiertem Genom.
Aufgrund der hohen Dynamik, der Influenzaviren durch Antigendrift wie auch
Antigenshift unterliegen, entstehen immer neue Influenza Varianten. Daher ist das
weithin angestrebte Ziel, Impfstoffe zu entwickeln, die gegen eine Vielzahl von
neuartigen Varianten und Stammen protektive Eigenschaften besitzen.

Dementsprechend wurden zwei neue ORFV-Rekombinanten entwickelt und in
Infektionsstudien in der Maus auf ihre protektiven Eigenschaften gegen das Influenza
A Virus untersucht. D1701-V-HAhSn exprimiert das HA und D1701-V-NPh5 das NP
Gen des HPAIV Stammes H5N1 unter der Kontrolle des frihen ORFV vegf-e
Promotors. Proteinexpressionsanalysen durch Western Blot und Immunfluoreszenz

bestatigten die korrekte Expression des NP wie auch des HA und dessen
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Vorlauferprotein HAO. Das inserierte HA Gen entstammt dem virulenten HS5N1
Influenzavirus Stamm A/Vietnam/1203/2004, da dieser oftmals die Grundlage fur
erfolgreiche Immunitat gegen H5N1 darstellte (225). Das NP unterliegt im Vergleich
zu HA weniger genetischen Veranderungen und kann durch Induktion einer
zellularen Immunantwort einen Schutz gegen Influenza hervorrufen (226, 227). In
den vorgenommenen Studien mit letalen Infektionsdosen wies die NP exprimierende
ORFV-Rekombinante jedoch keine protektiven Eigenschaften auf. Selbst die
dreimalige Immunisierung mit D1701-V-NPhS induzierte keinen Schutz gegen eine
H5N1 Infektion. Hierbei wurde fur die Belastungsinfektionen das Influenzavirus mit
der entsprechenden Dosis (20x MLD50 fur H5N1 und 20-50x MLDS0 flr H1N1) den
Mausen unter Betaubung in einem Volumen von 50 pl i.n. appliziert. Inwieweit eine
ineffiziente Aktivierung von T- bzw. B-Zellen und somit auch das Fehlen spezifischer
Antikorper fur die mangelnde Protektion verantwortlich sind, bleibt zu klaren. Es
wurde beschrieben, dass beide Arten von Lymphozyten fur eine NP bedingte

Immunitat gegen das Influenzavirus notwendig sind (228).

Abhangig von der Immunisierungsdosis induzierte die H5 HA exprimierende ORFV-
Rekombinante in BALB/c und C57BL/6 Mausen einen erfolgreichen Immunschutz
gegen H5N1 Influenza Infektionen. Es zeigte sich, dass eine zweite i.m. Vakzinierung
notwendig war, um eine Influenza induzierte Erkrankung zu vermeiden. Zweimalige
Immunisierungen mit 10° oder 10" pfu von D1701-V-HAh5n fiihrten zur kompletten
Immunitat gegen zwei verschiedene H5N1 Stamme (MB1, clade 2.2.1 und SN1,
clade 2.2.3). Eine vergleichbare Schutzwirkung nach Kreuz-Infektionen mit den
Stammen 2.1.3, 2.2 und 2.3.4 konnte auch fur eine H5 HA (Stamm 1) exprimierende
MVA-Rekombinante gezeigt werden (229). Die Applikation von D1701-V-HAhSn
vermittelte in BALB/c wie auch C57BL/6 Mausen aulierdem einen effektiven Schutz
gegeniiber dem heterologen Influenza A Stamm PR8 (H1N1). Die Ubereinstimmung
der Aminosaurensequenz von HA zwischen H5N1 und H1N1 liegt bei nur 66% und
es bleibt zu klaren, ob kreuzreaktive neutralisierende Antikorper oder spezifische
CTL fur den induzierten Immunschutz gegenuber diesem heterologen AIV
verantwortlich sind. Generell werden neutralisierende Antikorper wie auch
virusspezifische T-Zellen fur einen erfolgreichen Schutz nach heterologen
Influenzavirus Infektionen diskutiert (230, 231).
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Fur die nachweisbare Induktion von spezifischen H5 HA Antikdrpern waren zwei
Vakzinierungen mit D1701-V-HAh5n und einer Dosis von mindestens 10° pfu
notwendig, wodurch die Tiere sowohl vor einer Erkrankung und somit auch vor der

Mortalitat nach einer AlV Infektion geschutzt waren.

Eine Studie zeigte beispielsweise die Notwendigkeit von hoheren (=10° pfu)
Immunisierungsdosen und mehrmaligen Vakzinierungen, um mit einer H5 HA (clade
1) exprimierenden MVA-Rekombinante Antikdrper gegen ein genetisch
unterschiedliches H5N1 Influenzavirus (clade 2.1) zu induzieren (232). Auch eine
effiziente Antikorperantwort gegen ein homologes Virus bendtigte hohere Dosen
(210° pfu) (232). In unseren Versuchen waren Tiere, welche zweimal mit 10° pfu
immunisiert wurden, zu 80% geschutzt, obwohl diese Vakzinierungen nicht zu einer
messbaren Freisetzung von Antikorpern fuhrten. Es ist nicht auszuschliel3en, dass
fur diese protektive Immunitat der Mause eine zusatzliche T-Zellaktivitat oder die
immunmodulatorischen Eigenschaften von ORFV eine unterstitzende Rolle spielen
[Ubersichtsartikel (152)].

Um die Notwendigkeit der T-Zellen beim Aufbau eines Immunschutzes gegen H5N1
zu untersuchen, wurden CD4-positive und/oder CD8-positive T-Zellen mithilfe von
Antikorpern in Mausen depletiert. Das Entfernen der T-Zellen nach zwei
Immunisierungen mit D1701-V-HAhSn und vor der AlV Infektion beeintrachtigte nicht
die Immunitat der Tiere. Es ist anzunehmen, dass nach zwei Immunisierungen ein
ausreichender Schutz durch spezifische Antikorper besteht, um die Influenza
Infektion zu kontrollieren. Das Fehlen von CD4-positiven T-Zellen oder beider T
Zelltypen (CD4 und CD8) wahrend der Immunisierungsphase fuhrte zur Erkrankung
der Tiere wie auch zu einer verringerten Uberlebensrate. Vermutlich bleibt durch die
Depletion von CD4-positiven T-Zellen die Reifung von B-Zellen aus und es kommt
keine effektive Immunantwort durch spezifische Antikorper zustande (233). Die
Versuche zeigten, dass vorrangig CD4-positive T-Zellen im Verlauf der
Immunisierung notwendig waren, um einen Schutz zu induzieren, der nicht nur den
Tod der Tiere, sondern auch jegliche Krankheitssymptomatik verhinderte. Uber die
Notwendigkeit von CD4-positiven T-Zellen und spezifischen Antikdrpern zum Schutz
vor H5N1 gegenuber der verminderten protektiven Rolle von CD8-positiven T-Zellen
wurde berichtet (234).
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Die neu generierte H5 HA exprimierende ORFV-Rekombinante zeichnete sich durch
eine ausgezeichnete Schutzwirkung gegenuber Influenzavirus Infektionen mit
unterschiedlicher H5N1 Stammen wie auch gegen den heterologen H1N1 Stamm

aus.
3.2 Fahigkeiten des ORFV die Immunantwort des Wirts zu modulieren

3.2.1 ORFV induzierte Imnmunantwort nach Expression von PRV Antigenen

Das Pseudorabiesvirus (PRV) gehort der Familie der Herpesviridae und der
Unterfamilie Alphaherpesvirinae und dem Genus Varicellovirus an [Ubersichtsartikel
(235)]. Das neurotrope PRV verursacht die Aujeszkysche Krankheit, die zu
substanziellen okonomischen Verlusten in der Schweinezucht fuhren kann. Der
naturliche Wirt sind Schweine, es kdonnen jedoch auch andere Saugetierarten wie
Nagetiere mit dem Virus infiziert werden. Das Virus besitzt ein dsDNA Genom,
besteht aus einem Kapsid, einem Tegument und einer Hullmembran und zeichnet
sich durch eine charakteristische Latenzphase im Lebenszyklus aus
[Ubersichtsartikel ~ (236)]. Die  Hauptfunktionen der 16  verschiedenen
Membranproteine bestehen darin, dem Viruspartikel den Zelleintritt sowie Zellaustritt
zu ermoglichen und die Virusverbreitung von Zelle zu Zelle zu gewahrleisten
[Ubersichtsartikel (237)]. Dabei kénnen manche virale Proteine auch modulierend auf
die Immunantwort des Wirts einwirken [Ubersichtsartikel (237)]. Beispielweise ist das
PRV Protein UL 49.5 fahig die Funktion des Transporters der Antigenprozessierung
(TAP) so zu storen, dass die Antigenprasentation durch MHC | beeintrachtigt wird
(238).

Das PRV ist in weiten Teilen Europas wie auch in Kanada, Neuseeland und in den
Vereinigten Staaten von Amerika dank erfolgreicher Ausrottungsprogramme
verschwunden. In Landern, welche offiziell als PRV frei gelten, ist die Impfung gegen
das Virus inzwischen verboten [Ubersichtsartikel (239)]. Mitverantwortlich fiir die weit
gehende Ausrottung von PRV ist der Impfstoff Bartha-K61. Dieser, durch
Zellpassagen entstandene, attenuierte PRV Stamm wurde weltweit mehr als 30
Jahre lang fur die Vakzinierung von Schweinen angewendet (240). Neue
Untersuchungen in Schweinen zeigen jedoch, dass dieser PRV Impfstamm nur einen
50% Schutz gegen den neuen und virulenten PRV Stamm HeN1 induzierte (241).

Somit sind neuartige Impfstoffe von weiterem Interesse, um diese bei einem
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potentiellen Wiederauftreten der Seuche oder deren neuen PRV Varianten einsetzen

zu kdnnen.

Zwei ORFV-Rekombinanten, welche die Glykoproteine gC (D1701-V-gC)
beziehungsweise gD (D1701-V-gD) des PRV exprimieren, zeigten sehr gute
protektive Eigenschaften sowohl in der Maus wie auch im naturlichen Wirt, dem
Schwein (1, 164, 167). Die Oberflachenproteine gC und gD sind sehr effizient, um
virusneutralisierende Antikorper zu induzieren [Ubersichtsartikel (237)]. Zudem sind
diese Glykoproteine auch fahig eine zellulare Immunantwort gegen PRV auszul6sen
(242-245). Um die protektiven, immunologischen Eigenschaften dieser ORFV-
Rekombinanten hinsichtlich der Induktion der angeborenen wie auch der humoralen
Immunantwort besser zu verstehen wurden verschiedene Untersuchungen
vorgenommen. Da nach der Vakzinierung von verschiedenen Knock-out Mausen
(MMT Mausstamm, CD4, CD8 und Perforin) mit gC und gD exprimierenden ORFV-
Rekombinanten die Tiere weiterhin gegen eine letale PRV Infektion geschutzt waren
(1), war es nun interessant aufzuklaren, welche zusatzlichen immunologischen
Mechanismen fur den Schutz verantwortlich sein konnten. Beim yMT Mausstamm ist
die B-Zellentwicklung gestort, da ein defektes Exon fur die Transmembrandomane
des IgM Molekuls vorliegt und sie daher auf Stufe der Pra-B-Zellen verbleibt (246).

Um den Einfluss der ORFV-Rekombinanten auf die angeborene Immunantwort zu
untersuchen wurde die Aktivitat von NK mit Hilfe eines Zytotoxizitat-Assay
(Chromfreisetzungstest) (247, 248) sowohl fur BALB/c wie auch fur C57BL/6 Mause
evaluiert. Hierbei wurden die Tiere einmalig mit D1701-V-gC, D1701-V-gD oder einer
1:1 Mischung aus beiden Rekombinanten immunisiert. Es zeigte sich, dass die
Kombination beider Rekombinanten mit einer Gesamtdosis von 107 pfu bei C57BL/6
Mause bereits 15 Stunden nach i.m. oder i.p. Immunisierung eine ausgepragte NK
Antwort ausloste. Verglich man dies mit der NK-Aktivitat von BALB/c Tieren, so
zeigte sich nach i.m. wie auch i.p. Applikation von gC und/ oder gD exprimierenden
Rekombinanten eine zeitlich etwas verzogerte, aber in ihrer Zytotoxizitat
vergleichbare Wirkung von NK. Abbildung 3.2.1.1. zeigt die NK-Aktivitat in BALB/c
Tieren 24 Stunden nach i.p. Immunisierung (107 pfu/ Tier) mit verschiedenen ORFV-
Rekombinanten. Als Kontrollen dienten BALB/c Mause, welche mit 10° pfu des LCMV

i.v. infiziert wurden und Tiere, die nicht-immunisiert wurden.
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NK-Zellaktivitat
24 Stunden nach Immunisierung

LCMV1

LCMV 2
D1701-V-gC/gD 1
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Abbildung 3.2.1.1. Aktivitat von NK in BALB/c Mausen nach Immunisierung mit ORFV-

Rekombinanten

Die zytotoxische Aktivitdt von Splenozyten (Effektor) wurde mittels Chromfreisetzungstest von

radioaktiv markierten YAC-1 Zellen (murine Lyomphoma Zellen; Zielzelle) gemessen. Jeweils

zwei Tiere (1, 2) pro ORFV Gruppe wurden mit 107 pfu i.p. immunisiert. D1701-V-gC/gD bestand

aus einer Mischung gleichen Anteils von gC und gD exprimierenden Rekombinanten. Die
positiven Kontrollen wurden mit 10° pfu LCMV infiziert (i.v.). Spontane Chromfreisetzung 31,5%.

Die hochste Aktivitat von NK wurde mit der Mischung aus D1701-V-gC und D1701-V-
gD mit insgesamt 107 pfu erzielt. Hierbei erreicht die NK-Aktivitat von Tier Nr. 2 in
etwa dieselbe Intensitat wie von Mausen, welche mit LCMV infiziert waren
(Abb.3.2.1.1.). Die induzierte NK-Aktivitat durch die Rekombinante D1701-V-gD war
etwa 2,5-fach (bei Effektor:Zielzelle Verhaltnis 100:1 und 30:1) hoher als durch
D1701-V-gC (Abb.3.2.1.1.). Die NK-Induktion konnte auch bei BALB/c Mausen
gezeigt werden, die mit nicht-replikativen Baculovirus-Rekombinanten immunisiert
wurden. Diese Rekombinanten exprimieren jeweils die Glykoproteine gB, gC und gD
des PRV. Dies ist in folgender Publikation beschrieben:

New baculovirus recombinants expressing Pseudorabies virus (PRV) glycol-
proteins protect mice against lethal challenge infection

Grabowska AK, Lipinska AD, Rohde J, Szewczyk B, Bienkowska-Szewczyk K, Rziha
HJ; Vaccine. 2009 Jun 2;27(27):3584-91

FuUr die Immunisierungsversuche wurde eine Mischung zu gleichen Teilen (1:1:1) aus
allen drei Rekombinanten verwendet. Ob nun aber die ORFV- oder die Baculovirus-
Vektoren eine starkere NK Antwort vermitteln bleibt zu klaren, da kein direkter
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Vergleich vorgenommen werden konnte. Fur einen kompletten Schutz durch die
Baculovirus-Vektoren (Mischung von gB, gC und gD) waren drei Immunisierungen
mit einer Dosis von 10° pfu notwendig. Im Gegensatz hierzu geniigte bei PRV-
Antigen exprimierenden ORFV-Rekombinanten (Mischung aus gC und gD, sowie gC
alleine) eine einmalige Vakzinierung mit 7x10° pfu um gegen eine PRV Infektion
einen 100%igen Schutz zu induzieren (1). Zu spateren Zeitpunkten (48 und 72
Stunden) nach der Immunisierung mit den ORFV-Rekombinanten konnte keine
erhohte NK-Aktivitat mehr nachgewiesen werden. In NK-Depletionsversuchen konnte
jedoch kein direkter Einfluss der friihen NK Induktion auf die Uberlebensrate nach
einer PRV Belastungsinfektion gezeigt werden. Hierfur wurden C57BL/6 und B-Zell
defekte pMT Mause vor und wahrend der zweimaligen D1701-V-gC/-gD
Immunisierung mit anti-NK [anti-asialo GM1 ;(249)] Antikorpern depletiert. Es
ergaben sich fir beide Mausstdmme keine Veranderungen in der Uberlebensrate
und die Tiere waren immun gegen eine PRV Infektion unabhangig ob sie NK
depletiert waren oder nicht. Die von ORFV hervorgerufene Induktion von NK konnte
kurzlich ebenfalls in einem fur das Virus nicht-permissiven Mausmodell gezeigt
werden (157). Die hierbei beschriebene NK Aktivitat ist aulRerdem von einer anti-
tumoralen Wirkung des ORFV begleitet (157). Zudem ist beschrieben, dass
inaktiviertes ORFV ebenso fahig ist eine verstarkte NK Antwort hervorzurufen (156,
250). Das ORFV hat durch die gesteigerte NK Antwort direkten Einfluss auf das
angeborene Immunsystem. Jedoch hatten die daraufhin ausgelosten Mechanismen
wie zum Beispiel die NK induzierte Zytokinsekretion keinen Einfluss auf die
Immunitat nach PRV Belastungsinfektionen, da auch NK depletierte Mause geschutzt

waren.

Um ihren jeweiligen Anteil an der induzierten Immunantwort zu evaluieren, wurden
die T- und B-Lymphozyten in Blut, Milz und poplitealen Lymphknoten in Folge der
Vakzinierung quantitativ analysiert. Dazu wurden BALB/c Mause mit der Kombination
von D1701-V-gC/-gD immunisiert (10" pfu) und die entsprechenden Gewebe nach
ein bis drei Tagen durchflusszytometrisch untersucht. Weder im Blut noch in der Milz
konnten bei CD4-positiven sowie CD8-positiven T-Zellen signifikante quantitative
Unterschiede zwischen ORFV immunisierten und nicht-immunisierten Tieren
festgestellt werden. Bei Untersuchungen von Lymphozyten aus den poplitealen

Lymphknoten konnten jedoch reproduzierbare Unterschiede festgestellt werden.
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Popliteale Lymphknoten wurden untersucht, da diese dem i.m. Applikationsort am
nachsten liegen. Drei Tage nach Immunisierung mit D1701-V-gC/-gD oder D1701-
VrV waren CD4-positive T-Zellen (gemessen mit spezifischen anti-CD3 und anti-CD4
Antikorpern) um mehr als 10% reduziert im Vergleich zu Mausen, die mit PBS
behandelt wurden (Abb. 3.2.1.2.). Im Gegensatz hierzu war die Population von CD8-
positiven T-Zellen (gemessen mit spezifischen anti-CD3 und anti-CD8 Antikorpern) in
immunisierten Tieren verglichen zu den Kontrolltieren deutlich erhoht (Abb. 3.2.1.2.).
AuRerdem konnte gezeigt werden, dass auch 5-8% mehr B-Zellen (gemessen mit
spezifischen B-Zell Antikorper B220/CD45R) vorlagen als bei PBS behandelten
Tieren (Abb. 3.2.1.2.).
Analyse drei Tage nach Immunisierung

n=4
60

mm PBS

= D1701-V-gc/gd
= D1701-V1V

popliteale Lymphozyten %

0- L
CcD4 CcD8 B-Zellen

Abbildung 3.2.1.2. Durchflusszytometrische Messung von poplitealen Lymphknoten nach
ORFV Immunisierung
Jeweils vier (n=4) BALB/c Mause wurden mit 10" pfu D1701-V-gC/gD oder D1701-VrV i.m.
immunisiert und die Lymphozyten drei Tage spater mit spezifischen T- und B-Zell Antikérpern
analysiert. D1701-V-gC/gD bestand aus einer Mischung im Verhaltnis 1:1 von gC und gD
exprimierenden ORFV-Rekombinanten. Die Kontrolltiere wurden mit PBS behandelt. Dargestellt
sind die Mittelwerte der gemessenen Proben.

Nach Immunisierungen mit dem parentalen Virus D1701-VrV konnten ahnliche
Tendenzen beobachtet werden, wobei die erhohte Menge der CD8-positiven T-
Zellen geringer, die der B-Zellen starker ausfiel als nach Vakzinierung mit den
Rekombinanten D1701-V-gC/-gD (Abb. 3.2.1.2.). Die Induktion der B-Zellen lag nach
Immunisierung mit parentalen und rekombinanten ORFV deutlich Gber der Menge mit
PBS behandelten Tieren (Abb. 3.2.1.2.). Dies lasst darauf schliel3en, dass die ORFV
bedingte Einflussnahme auf die Populationen von T- und B-Lymphozyten
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unabhangig von den inserierten PRV Gene war. Die verminderte Menge an CD4-
positiven T-Zellen gegenuber Tieren, die mit PBS immunisiert wurden, kann dadurch
erklart werden, dass bei ORFV vakzinierten Tieren vermutlich CD4-positiven T-Zellen
aus dem Lymphknoten in dessen umliegende Bereiche einwandern um ihrer
Funktion der T-Zell-Hilfe nachzukommen. Im weiteren Verlauf nach der ORFV
Immunisierung konnten daraufhin CD8-positive T-Zellen rekrutiert werden, die sich
aber in den vorgenommen Untersuchungen noch im Lymphknoten befanden und
dann zu spateren, nicht gemessenen Zeitpunkten auswandern. Ob diese Vermutung
zutreffend ist, mussten weitergehende Untersuchungen zeigen, um auch im
speziellen die gemessene verringerte Menge an CD4-positiven T-Zellen nach ORFV
Infektion weiter zu beleuchten. Die Spezifitat und Funktionalitat von CD4-positiven T-
Zellen nach Kontakt mit Pockenviren ist weitgehend unklar, zumal die virusvermittelte
CD4 T-Zell Antworten von sehr verwandten Pockenviren deutlich unterschiedlich sind
(251). Im speziellen zeigte sich dies durch eine hohere Expression des lysosomalen
Membranproteins CD107a in CD4-positiven T-Zellen nach Infektion von Mausen mit
ECTV im Vergleich zu Tieren die mit VV infiziert wurden (251). Zudem war bei diesen
Versuchen VV, im Gegensatz zu ECTV, wahrend der spaten Phase der Bildung von
Gedachtniszellen nicht in der Lage Virus-spezifische CD4-positive T-Zellen zu
induzieren (251). Die Induktion von CD8-positiven T-Zellen passt zu den
gemessenen erhohten IFN-a Mengen (siehe unten), da Typ | Interferon dafur
bekannt ist naive CDB8-T-Zellen zu stimulieren (252). Die vorangegangenen
Depletionsversuche zeigten jedoch, dass CD8 T-Zellen nicht essentiell fur die

protektive Immunitat gegen PRV waren.

Die Fahigkeit von ORFV T-Zellen zu aktivieren zeigten auch Untersuchungen im
Schaf, dem naturlichem Wirt von ORFV. Es wurde gezeigt, dass es nach einer
Reinfektion mit ORFV zur Aktivierung von T-Zellen kommt und dies den Ursprung
von Lymphokinen darstellt (253). Nicht direkt vergleichen lassen sich diese
Ergebnisse mit jenen von inaktiviertem ORFV, sie zeigen aber das ORFV
Lymphozyten stimulieren kann. Hierbei wurde in vitro die Fahigkeit von inaktiviertem
ORFV beschrieben, die Proliferation speziell von CD4 T-Lymphozyten aus dem Hund
zu aktivieren (154). Diese Ergebnisse zeigen das Potential von ORFV sehr fruh nach
Immunisierung T-Zellen wie auch B-Zellen anzuregen. Von zusatzlichem Interesse

ware zudem das intrazellulare Zytokinexpressionsprofil der T-Lymphozyten nach
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Immunisierung mit ORFV zu bestimmen, um weitere Aussagen uber deren

Funktionalitat treffen zu kbnnen.

Weiterhin wurden im PRV Infektionsmodell Knock-out-Mause untersucht, welchen
der TLR3 fehlte oder die den Interferon-a/ und y Rezeptor (AG129 Mause) nicht
aufwiesen. Die Tiere wurden wiederum zweimalig im Abstand von 14 Tagen mit der
Kombination aus D1701-V-gC/-gD immunisiert (107 pfu/ Impfung) und 14 Tage spéter
mit PRV (Stamm NIA-3) i.p. infiziert (5x10* pfu/Tier). Das Fehlen des TLR3 bedingte
keine erhohte Sterblichkeitsrate nach PRV Belastungsinfektion. Alle TLR3 Knock-out
Tiere wie auch die Kontrolltiere Uberlebten die Virusinfektion. Jedoch zeigte sich,
dass das Fehlen der Interferon-a/f und y Rezeptoren massiven Einfluss auf die
Uberlebensrate der mit PRV infizierten Tiere hatte (Abb. 3.2.1.3.). Tiere denen die
Interferon Rezeptoren fehlten und mit ORFV immunisiert waren, starben zwischen 74
bis 169 Stunden nach der Belastungsinfektion mit PRV oder wurden aufgrund von
klinischen Symptomen getotet (Abb. 3.2.1.3.). Im Vergleich hierzu starben nicht-
vakzinierte AG129 Mause etwa 12-24 Stunden fruher und die Gruppe, welche die
PRV Infektion nicht erhielt, Gberlebten zu 90% (Abb. 3.2.1.3.).

Ein Tier der nicht-infizierten Gruppe verstarb im Verlauf des Versuchs aus
ungeklarten Grunden. Fur die Induktion der Immunitat durch D1701-V-gC/-gD gegen
PRV sind die Interferon-a/B/y Rezeptoren notwendig. Moglicherweise ist das Fehlen
des Interferon-y Rezeptors mitverantwortlich fur das Sterben der Tiere nach PRV
Infektion. Dies mussten weitere Versuche mit dem beschriebenen PRV Modell
aufzeigen. Jedoch Uberlebten Interferon-a/f defekte Mause, welche mit MVA
vakziniert und mit ECTV infiziert wurden, die Belastungsinfektion gleichermallen wie
Wildtypmause (254). Zudem hatte im gleichen Pockenvirus Mausmodell das Fehlen
der Adaptermolekiile (MyD88" und TRIF™) von allen TLR wie auch des Rezeptors
von RIG-I keinen Einfluss auf die Uberlebensrate der Tiere (255).
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Uberleben von AG129 Miusen nach PRV Infektion
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Abbildung 3.2.1.3. Uberlebensrate von AG129 Mausen nach D1701-V-gC/-gD Vakzinierung
und letalen PRV Belastungsinfektion

Interferon-a/B/y Rezeptor Knock-out Mause (AG129) wurden zweimal mit 107 pfu D1701-V-gC/-
gD i.m. immunisiert und anschlieBend mit PRV i.p. infiziert (5x10* pfu/Tier) und danach die
Uberlebensrate dokumentiert. Als Kontrollen dienten AG129 Tiere, welche nicht-immunisiert
oder nicht mit PRV infiziert (immunisiert ohne Chall.) wurden. n=Anzahl der Tiere.

Dagegen wurde beschrieben, dass fur die MVA induzierte angeborene Immunantwort
die Stoffwechselwege uber TLR2, TLR6 und MyD88 eine wichtige Rolle hinsichtlich
der Chemokin- sowie Zytokinproduktion von IFN-B und IL-13 Ubernehmen (256).
Somit ware es von Interesse, bei der Immunisierung mit ORFV die Bedeutung

weiterer TLR in diesem ORFV-PRV Mausmodell zu untersuchen.

Um weitere immunrelevante Reaktionen nach D1701-V-gC/-gD und D1701-VrV
Immunisierungen zu charakterisieren, wurden die Mengen verschiedener induzierter
Zytokine und Interleukine (IL) im Serum von BALB/c M&usen untersucht, die mit 10’
pfu der ORFV-Rekombinanten vakziniert wurden. Diese Tests wurden mit Sandwich-
ELISAs oder Multiplex-ELISAs durchgefuhrt. Exemplarisch hierfur sind in Tabelle
3.2.1. die Ergebnisse fur die Zytokinexpression nach 8 und 24 Stunden der
Immunisierung mit ORFV-Rekombinanten dargestellt. Es zeigte sich, dass sowohl
nach 8 und 24 Stunden nach einer einmaligen Immunisierung eine 4-8-fach erhohte
Menge gegenuber PBS behandelten Mausen von IL-1B, IL-6, TNF-a, G-CSF und
eine etwa 2-fach erhohte Menge an IFN-y im Serum der Tiere gemessen wurde
(Tabelle 3.2.1.). Der Unterschied zwischen den ORFV-Rekombinanten D1701-V-gC/-
gD und D1701-VrV hinsichtlich der induzierten Zytokinmengen war hierbei gering,
wie auch zwischen den beiden gemessenen Zeitwerten von 8 und 24 nach der
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Immunisierung (Tabelle 3.2.1.). Diese Zytokine werden vor allem von mononuklearen
Phagozyten gebildet, wodurch die Ergebnisse auf eine pro-inflammatorische sowie
auf eine TH-1 ausgerichtete Zytokinantwort hinweisen. Auch wurde die Expression
von IFN-a (8-fach hoher gegenuber PBS behandelten Tieren), IL-15 (4-8-fach hoher)
und IL-18 (4-8-fach hoher) sowohl im Serum von D1701-V-gC/-gD wie auch D1701-
VrV  immunisierten Tiere nachgewiesen, was wiederrum auf eine pro-
inflammatorische Reaktion hindeutet (Tabelle 3.2.1.). Die gemessene erhdhte Menge
von IL-15 und IL-18 konnte auf die Stimulierung und Proliferation von NK hindeuten,
die daraufhin TNF-a und IFN-y exprimieren. Diese Ergebnisse korrelieren gut mit der
zuvor beschriebenen gesteigerten NK-Aktivitat in ORFV vakzinierten Tieren, da die
erhohte Menge dieser Zytokine auf die Aktivitdt von NK hinweisen. Hierbei ist zu
erwahnen, dass in humanen Zellen des Bluts eine gesteigerte Induktion von pro-
inflammatorischen sowie TH-1 relevanten Zytokinen, wie IFN-y, TNF-a, IL-6, IL-8, IL-
12 und IL-18 durch inaktiviertes ORFV beschrieben wurde (221).

Tabelle 3.2.1 Zytokinexpression im Serum von ORFV immunisierten Tieren

Immunisierung -.Zn E = E ?5 E E E E 8 .IZ,., =
i.m 10" pfu / Tier 4 »® 92 o N w o = @ < a
D1701-V-gC/-gD 8 hpi® +++7 +4° i+t + F+
D1701-V-gC/-gD 24 hpi + e+ + o+ o+t
D1701-V-VFV 8 hpi ~ +++ +  +++ + FIFIR— PR
D1701-V-VrV 24 hpi A + ++ HHE o+ 4

Daten beruhen auf Mittelwerte aus 2 Mausen/Gruppe

4Stunden nach Immunisierung

®+: 2-fache Erh6éhung gegeniiber mit PBS behandelten Tieren
°++: 4-fache Erh6hung gegeniiber mit PBS behandelten Tieren
d+++: > 8-fache Erhdhung gegeniiber mit PBS behandelten Tieren

Zu spateren Zeitpunkten, sowohl 14 Tage nach erster als auch nach zweiter
Immunisierung, blieb die pro-inflammatorische Antwort in abgeschwachter Form
bestehen, da die gemessene Menge an Zytokinen im Serum von ORFV
immunisierten Tieren abnahm. Jedoch konnte zudem die Induktion von TH-2

relevanten Zytokinen gemessen werden. Im Vergleich zu PBS behandelten Mausen
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lag eine deutliche Expressionssteigerung an IL-4, IL-5 und IL-13 im Serum von

vakzinierten Mausen vor.

Zudem konnte 14 Tage nach der ersten Immunisierung mit ORFV IL-10 detektiert
werden. Dieses regulatorische Zytokin ist in der Lage die TH-1 Antwort zu
unterdrucken und zugleich die Immunantwort hinsichtlich der Reifung von B-Zellen zu
verstarken [Ubersichtsartikel (257)]. Dies deutet auf eine Aktivierung von B-Zellen
und hierdurch auf eine vermehrte Sekretion von Immunglobulinen im Blut von

vakzinierten Tieren hin.

In vitro Untersuchungen von Uberstanden aus kultivierten Splenozyten, welche
ebenso aus BALB/c Tieren stammten, die ebenfalls ein oder zweimal mit den ORFV-
PRV-Rekombinanten oder D1701-VrV vakziniert wurden, zeigten 8 und 24 Stunden
spater, verglichen zu den beschriebenen Ergebnissen im Serum der Tiere ein sehr
ahnliches Zytokinexpressionsmuster. Jedoch war hier der Unterschied zu nicht-
immunisierten Tieren deutlich geringer im Vergleich zu Ergebnissen aus

Serumproben, da die gesteigerte Induktion der Zytokine nur etwa 2-fach erhoht war.

Im Verlauf der Immunisierung mit ORFV-Rekombinanten, die PRV Antigene
exprimieren, ergab sich ein Zytokinprofil mit dem Nachweis von IFN-y, TNF-a, IL-4
und IL13, welches auf eine ausgeglichene TH1-TH2 Antwort in der fir ORFV nicht-
permissiven Maus hinweist. Diese Ergebnisse stutzen die beschriebenen Ergebnisse
einer ORFV-PRV-induzierten balancierten TH1-TH2 Immunantwort (1), welche auch
fur die Immunantwort einer ORFV-Rekombinanten gegen das Bornavirus vermutet
wird, jedoch nicht beschrieben wurde (163). Das beschriebene Zytokinprofil galt nicht
nur fur die PRV Antigen exprimierenden Rekombinanten, sondern auch fur den
parentalen Virusstamm D1701-VrV der bei diesen Versuchen als zusatzliche

Kontrollgruppe zu nicht-immunisierten Tieren diente.

Zusammengefasst deuten die Bestimmung der NK Aktivitat und der
inflammatorischen Zytokine darauf hin, dass ORFV sowohl Mechanismen der
angeborenen wie auch der erworbenen Immunantwort induziert. Im Gegensatz
hierzu war die Immunantwort nach Vakzinierung mit rekombinanten Baculoviren TH-
1 von zellularen Komponenten dominiert. Die TH-2 relevanten Interleukine IL-4 und
IL-10 konnten nicht nachgewiesen werden. Bei Untersuchungen mit inaktiviertem
ORFV konnte eine virusinduzierte TH-1 dominierende Immunantwort festgestellt
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werden (158). Aber auch das TH-2 relevante IL-4 war nach Infektion mit inaktiviertem
ORFV von Relevanz fur seine anti-inflammatorischen Funktionen (221).

3.2.2 Einfluss des ORFV auf den vesikularen Peptidtransport in Vero Zellen

Virale Infektionen werden unter anderem durch PRRs des infizierten Wirts registriert.
Daraufhin beginnt zunachst das angeborene Immunsystem unspezifisch gegen das
virale Pathogen durch die Aktivierung des Komplementsystems, Rekrutierung von
Phagozyten wie Makrophagen und neutrophilen Granulozyten und die Aktivierung
von NK vorzugehen und zudem die adaptive Immunabwehr einzuleiten. Pockenviren
exprimieren verschiedene Gene, die es den Viren ermdglichen das Immunsystem der
Wirte zu umgehen und sich somit erfolgreich zu vermehren. Unter anderem sind
einige virale Proteine in der Lage Komplementfaktoren, Zytokine, Interferone und
Chemokine zu neutralisieren [Ubersichtsartikel (258)]. So kodiert das ORFV
immunmodulatorische Gene wie vIL-10, GIF, sowie das CBP. Fir die erfolgreiche
Beseitigung einer viralen Infektion ist eine T-Zell vermittelte Immunantwort
entscheidend. Diese wird durch die Interaktion des T-Zellrezeptors mit MHC I-
Peptidkomplexen, die auf infizierten Zellen und/oder professionellen
antigenprasentierenden Zellen prasentiert werden, aktiviert. Die dafur notige
Prozessierung viraler Antigene und Mechanismen fur die Oberflachenprasentation
sind weitere Angriffspunkte fur immunmodulatorische Effektoren der Pockenviren
[Ubersichtsartikel (94, 126, 258)]. Pockenviren kénnen diese MHC | vermittelte
Antigenprasentation verringern, indem sie das Prozessieren von viralen Antigenen

oder die Antigenprasentation durch MHC | auf der Zelloberflache verhindern.

Orf virus interferes with MHC class | surface expression by targeting vesicular
transport and Golgi

Rohde J, Emschermann F, Knittler MR, Rziha HJ; BMC Veterinary Research 2012,
8:114

Diese Studie konnte mittels fluoreszenzmikroskopischen, durchflusszytometrischen
sowie Western Blot Analysen zeigen, dass eine ORFV Infektion mit dem Stamm
D1701-V in Vero Zellen zur strukturellen Auflosung des Golgi Apparates fuhrt.
Daruber hinaus kommt es zu einer Anreichung von COP-l Vesikeln mit einer

gesteigerten Expression von B-COP. Ein wichtiger Transport von Peptiden erfolgt
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intrazellular vom ER zur Zellmembran oder endozytotisch von der Zellmembran zu
Endosomen durch das System von Vesikeln. Das hier untersuchte COP-I Vesikel ist
fur den anterograden wie retrograden Peptidtransport verantwortlich wobei das COP-
| Coatomer aus sieben Proteinen (a, B, B, v, 08, € und ¢) und dem ADP-
Ribosylierungsfaktor 1 (ARF-1) besteht [Ubersichtsartikel (259)]. Es konnte
aullerdem eine ausgepragte Ko-Lokalisierung zwischen MHC | und aus B-COP
bestehenden Vesikeln (COP-l) gemessen werden. Des Weiteren induzierte ORFV
einen veranderten Glykosylierungszustand von MHC | innerhalb des Golgi und eine
reduzierte MHC | Zelloberflachenexpression sowie deren verlangerte Halbwertszeit
auf der Zellmembran.

Die Veranderung der perinuklearen Lage des Golgi Apparats sowie die punktformige
Auflosung der Struktur des cis- und medialem-Golgi sowie des trans-Golgi-Netzwerk
scheinen durch fruhe ORFV Genexpression bedingt zu sein. Bei Infektionen mit
Varicella-Zoster Virus fuhrte ebenfalls dessen frihe Genexpression zur Reduktion
von MHC | auf der Zelloberflache durch Einflussnahme auf den intrazellularen
Transport (260). Des Weiteren konnte auch nach Infektion mit humanen Rhinovirus
1A (HRV-1A) eine Fragmentierung des Golgi zu Vesikeln gezeigt werden, was der
viralen RNA Replikation dient (261). Die strukturelle Auflésung des Golgi und der
Nachweis eines ORFV Hullproteins innerhalb des Golgi Apparats wahrend der
spaten Phase der Infektion wurde fur ORFV bereits beschrieben (262). In diesem
Zusammenhang wird vermutet, dass das Hullprotein eingebettet zwischen zwei Golgi
Membranen liegt, welche dann umhdillte und reife Virionen bilden kann. Die
beschriebenen Ergebnisse zeigen jedoch, dass die Zerstorung des Golgi nicht auf
der Bildung einer viralen Hullmembran beruhen kann, da es auch in Gegenwart von
Cytosin-Arabinosid, welches die Expression von spaten, fur die Ausbildung der
Hullmembran essentiellen ORFV Genen unterbindet, zu den strukturellen
Veranderungen des Golgi Apparats kam.

Die reduzierte MHC | Expression an Zelloberflachen war in den Cytosin-Arabinosid
Experimenten bedingt durch Produkte der frihen viralen Genexpression. Jedoch
konnte nicht ausgeschlossen werden, dass die Verlangerung der MHC |
Halbwertszeit auf der Oberflache von Vero Zellen auch durch die spate
Genexpression und Vermehrung des ORFV mit beeinflusst wird. Die beschriebene
Zerstorung des TGN konnte sowohl die Endozytose wie auch die endosomale
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Wiederverwertung von MHC | beeintrachtigen. Fur das E5 Protein von HPV16 wurde
beschrieben, dass es die Auflosung des exo-endozytotischen Zyklus bedingt und den
MHC | Transfer beeintrachtigt (263).

Die Ergebnisse zeigten auch, dass ORFV eine Anhaufung von MHC | innerhalb von
COP-| Vesikeln verursacht und es nach Infektion zu einer vermehrten zellularen
Expression von B-COP kommt. Da COP-I sowohl fur den anterograden wie
retrograden sekretorischen Vesikel-Transport verantwortlich ist, ist zu vermuten, dass
ORFV die weitere Prozessierung der COP-I Vesikel unterbindet. Fur das Coxsackie-
Virus wurde das virale Protein 3A beschrieben, welches auf den vesikularen Golgi
Transport Einfluss nehmen kann, indem sie den Austausch von GDP zu GTP
unterbinden und es zu einer reduzierten Menge von ARF-GTP kommt. Hierdurch
bleibt die Funktion der GTPase unwirksam und es kommt nicht zur Freisetzung der
Vesikel wie auch nicht zur Fusion des Vesikels mit der Zielmembran
[Ubersichtsartikel (264)]. Fir das ORFV bleibt zu klaren, welche Proteine hierflr
verantwortlich sind. Fur ORFV besteht kein Zusammenhang zwischen der
Ausbildung der viralen Hullmembran und der COP-I Akkumulation, da dieser Prozess
unter Cytosin-Arabinosid Bedingungen zu beobachten war. Im Gegensatz hierzu ist
fur VV in der fruihen Phase der Entstehung von Viruspartikeln der COP-I Coatamer-
Komplex entscheidend wie auch der KDEL-Rezeptor (KDELR) der Zelle (265).

Um den Reifungszustand und somit Hinweise auf die Lokalisation des Glykoproteins
MHC | im Golgi zu erhalten, wurde dieses auf die Sensitivitat gegenuber Endo H
untersucht. Dies erfolgte durch die Deglykosylierung der MHC | Molekile mittels
Endo H und anschlie3ender Markierung mit radioaktivem Schwefel (358) sowie deren
Analyse durch Immunprazipitation und Western Blot. Die ORFV induzierte
intrazellulare Anhaufung von MHC | in COP | Vesikeln tritt zusammen mit einem
verminderten Reifungszustand von N-glykosylierten MHC | Molekulen innerhalb des
Golgi Apparats auf. So weist ein Grofteil an MHC | eine partielle Resistenz
gegenuber dem Enzym Endo H in ORFYV infizierten Zellen auf. Dies deutet an, dass
diese post-ER MHC | Molekule keine oder nur eine gestorte Glykosylierung innerhalb
des Golgi erfahren. Die ORFV Infektion fuhrte nicht nur zu einer veranderten Struktur
und Lage des Golgi, sondern konnte beispielsweise auch zu veranderten pH
Bedingungen innerhalb des Golgi und TGN fuhren, wodurch es zu einer
unvollstandigen MHC | Reifung kommen kénnte. Ahnliche Ergebnisse wurden fir die
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fehlerhafte Reifung von MHC | im Beisein von Concanamycin B beschrieben,
welches einen spezifischen Inhibitor fur die membranstandige H (+)-ATPase darstellt
(266).

Die Studie unterstutzt die Annahme, dass auch ORFV wie andere DNA Viren die
Immunantwort des Wirts umgehen kann. Das ORFV kann durch die induzierte
Akkumulierung von MHC | Molekulen in COP-| Vesikeln und die dadurch erreichte
verringerte Oberflachenprasentation von MHC | vermutlich eine CTL vermittelte
Immunantwort umgehen oder zumindest zeitlich verzogern. Durch die von ORFV
induzierte verlangerte Halbwertszeit von bereits bestehendem MHC | auf der
Zelloberflache ist zudem davon auszugehen, dass das Virus hierdurch versucht der
NK Antwort des Immunsystems entgegen zu wirken. Unterstutzt wird diese
Hypothese von der Tatsache, dass die ORFV-spezifische Immunantwort im
naturlichen Wirt nur kurzzeitig ist und sich die Tiere mehrmals mit ORFV infizieren
kénnen [Ubersichtsartikel (124)].
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4 Zusammenfassung

Das Orf Virus (ORFV) gehort zur Gattung Parapoxvirus der Poxviridae. ORFV
zeichnet sich durch aulerst vorteilhafte immunstimulierende und protektive
Eigenschaften aus, die es fur den Nutzen als vielversprechende rekombinante
Vektor-Vakzine interessant machen. Die vorliegende Arbeit umfasst die Neu- und
Weiterentwicklung von ORFV-Rekombinanten und die Charakterisierung deren
protektiven Eigenschaften sowie die Beschreibung von potentiellen neuen

Evasionsmechanismen und immunrelevanten Eigenschaften von ORFV.

Zur Herstellung und Selektion von ORFV-Rekombinanten wurden verschiedene
Methoden der Transfektion optimiert, um in ORFV infizierten Zellen eine hochst
mogliche Transfektionseffizienz zu erreichen. Die Etablierung der PCR fur den
Selektionsprozess neuer Rekombinanten I6ste das Problem der Abhangigkeit von
Antikorpern, die gegen das inserierte Antigen gerichtet sind. Zudem ermaoglichte der
Einsatz von Fluoreszenz-Markergenen eine Reduktion der Arbeitsschritte, die zum
Erhalt homogener Virus-Rekombinanten fuhren.

Des Weiteren wurden verschiedene ORFV-Rekombinanten hergestellt, in deren
Genom Fremdgene verschiedener Viren (BRV, BTV, AHSV, FMDV, RHDV und
Influenzavirus) eingefuigt wurden. Die korrekte Insertion und Expression dieser Gene
wurden durch verschiedene molekularbiologische Methoden bestimmt und die
protektiven Eigenschaften einiger Rekombinanten wurden in vivo charakterisiert.

Die ORFV-Rekombinante D1701-V-VP1 konnte einen effektiven Schutz gegen
RHDV im naturlichen Wirt, dem Kaninchen, induzieren. RHDV verursacht eine
hochansteckende Erkrankung mit einer hohen Mortalitatsrate in Kaninchen. Da in
vitro Zellkultursysteme fehlen, stammen kommerzielle Impfstoffe aus der Leber von
RHDV infizierten Kaninchen. Bereits eine singulare Immunisierung mit der
Rekombinanten D1701-V-VP1 war ausreichend, um eine vollstandige Immunitat
gegen eine letale RHDV Infektion in Kaninchen zu induzieren. Der induzierte Schutz
beruhte neben der spezifischen Antikorperantwort gegen RHDV vermutlich auch auf
einer Beteiligung von T-Zellen. Die generierte ORFV-Rekombinante stellt eine
attraktive Alternative zu herkdbmmlichen Vakzinen dar.

Eine weitere neu hergestellte Rekombinante (D1701-V-HAh5n) exprimiert das

Hemagglutinin (H5 HA), welches das Hauptimmunogen des hochpathogenen aviaren
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Influenzavirus (HPAIV) Stamm HS5N1 darstellt und virus-neutralisierende Antikorper
induziert. Die Immunogenitat dieser ORFV-Rekombinante wurde nach
Immunisierungen  von Mausen mit anschlieRenden Belastungsinfektionen
verschiedener Stamme des HPAIV H5N1 charakterisiert. Die immunisierten Tiere
zeigten nach Infektion weder eine klinische Symptomatik noch einen Verlust an
Korpergewicht. Zudem waren vakzinierte Mause auch vollstandig gegen das
heterologe humane Influenzavirus A Stamm H1N1 geschutzt. Depletionsversuche in
vivo von CD4-positiven und/oder CD8-positiven T-Zellen wiesen darauf hin, dass
insbesondere CD4-positve T-Zellen fur die Ausbildung der protektiven Immunitat

notwendig waren.

Die in vivo Untersuchungen der protektiven immunologischen Charakteristika von
ORFV-Rekombinanten, welche die Glykoproteine des Pseudorabiesvirus (PRV)
exprimieren, zeigten eine ausgeglichene spezifische TH-1 und TH-2 Immunantwort.
Bis zu 24 Stunden nach ORFV Immunisierung konnte eine gesteigerte Aktivitat von
Naturlichen Killerzellen und die Expression pro-inflammatorischer Zytokine (IL-1j3, IL-
6, TNFa und G-CSF) nachgewiesen werden. Zu spateren Zeitpunkten und nach
einer zweiten ORFV Immunisierung war vermehrt die Sekretion von TH-2
spezifischen Zytokinen (IL-4, IL-5, IL-10 und IL-13) im Serum der Tiere nachweisbar.
Des Weiteren konnte gezeigt werden, dass die Interferon-a/f und y Rezeptoren
essentiell fur den Schutz vor einer PRV Infektion waren.

Pockenviren besitzen ein breites Genspektrum, das eine Umgehung der
Immunantwort des Wirts ermoglicht. So wurden die immunmodulatorischen
Eigenschaften von ORFV und dessen Einfluss auf den Prozess der
Antigenprasentation tber MHC | in infizierten Vero Zellen untersucht. Abhangig von
der Infektionsdauer war die MHC | Expression auf der Zelloberflache bis zu 50%
reduziert. Zudem konnte bei infizierten Zellen eine verlangerte Halbwertszeit von
vorhandenen MHC | Molekullen an der Zelloberflache nachgewiesen werden.

ORFYV scheint die MHC | Oberflachenexpression herab zu regulieren, indem es direkt
die Struktur der Golgi Kompartimente und das vesikulare Transportsystem angreift.
Dies wiederum hat Einfluss auf die Prasentation viraler Antigene und die Aktivierung
von T-Zellen. Zudem zeigten Analysen eine Ko-Lokalisierung zwischen MHC | und
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COP-| Vesikeln sowie einen gestorten Glykosylierungszustand von post-ER MHC |
Molekulen.

Die beschriebenen Arbeiten demonstrieren eindricklich die bemerkenswerten
Eigenschaften des ORFV Stamm D1701-V und dessen grol3es Potential als Vektor-
Impfstoff gegen virale pathogene Erreger.
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5 Summary

The Orf virus (ORFV) belongs to the genus of Parapoxvirus of Poxviridae. The virus
exhibits strong immune stimulating properties very beneficial for its use as a
recombinant live vector vaccine. This work comprises the generation and
advancements of ORFV recombinants as well as the characterization of their
protective properties. Also investigations of potential new evasion mechanisms and
relevant immune targeting characteristics of ORFV are described.

To improve the generation as well as the selection process of ORFV recombinants
different transfection methods have been optimized, to obtain highest transfection
efficiency. The inclusion of PCR allowed the selection of recombinants without the
need of specific antibodies against the inserted foreign antigens. Moreover, the use
of fluorescent marker genes accelerated the selection process to obtain homogenous

virus recombinants.

Furthermore, several ORFV recombinants containing foreign genes of different
viruses (BRV, BTV, AHSV, FMDV, RHDV and influenza virus) were generated. The
correct insertion and expression of the foreign genes has been tested by different
biomolecular techniques and the protective capacities of some of them have been

studied in vivo.

In rabbits, which are the natural hosts of RHDV, the recombinant D1701-V-VP1 could
induce a very protective immunity against RHDV. RHDV causes a highly contagious
disease with a high mortality rate in rabbits. Due to the lack of an in vitro cell culture
system for RHDV, the existing commercial vaccines are prepared from the liver of
infected rabbits. Already a single immunization of rabbits with the recombinant
D1701-V-VP1 induced complete protection against a lethal RHDV challenge
infection. Besides specific antibodies against RHDV the protective immunity was
presumably also based on the contribution of T-cells. The generated ORFV

recombinant represents an attractive alternative to conventional vaccines.

Another generated recombinant (D1701-V-HAhSn) expresses the immunodominant
hemagglutinin (H5 HA) of highly pathogenic avian influenza virus (HPAIV) strain
H5N1, which is the major target antigen of neutralizing antibodies. The
immunogenicity of the ORFV recombinant was characterized upon immunizations of

mice followed by challenge infections with different HPAIV H5N1 strains. The
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immunizations of animals led to prevention of any clinical symptoms as well as loss
of body weight. Additionally, the vaccinated mice were completely protected against
challenge infection with heterologous human influenza A virus strain H1N1. In vivo
depletion of CD4-positive and/or CD8-positive T-cells demonstrated the necessity of
CD4-positive T-cells for protective immunity.

Vaccination experiments of animals with ORFV recombinants expressing
glycoproteins of Pseudorabies virus (PRV) exhibited the mediation of a balanced TH-
1 and TH-2 protective immune response. Up to 24 hours after ORFV immunization
increased activity of natural killer cells and expression of proinflammatory cytokines
(IL-1B, IL-6, TNFa und GCS-F) was observed. At later time points and after a second
vaccination an increased secretion of TH-2 specific cytokines (IL-4, IL-5, IL-10 and
IL-13) was detectable in the sera of mice. Furthermore, challenge infection studies
demonstrated that receptors for interferon-a/f and y were essential for protection
against PRV infection.

Poxviruses have a variety of genes to circumvent the host’'s immunity. Therefore, the
immune modulating characteristics of ORFV and its influence on the intracellular
transport and surface presentation by MHC | in infected Vero cells were examined.
Depending on the duration of infection, the MHC | expression level on the cell surface
was reduced up to 50%. The remaining cell surface MHC | on infected cells exhibited
an increased half-life. Hence, ORFV seems to reduce cell surface MHC | by targeting
the Golgi compartment and the vesicular export machinery. This can effect viral
antigen presentation and T-cell activation. Additional analyzes showed distinct co-
localisation of MHC | and COP-I vesicles as well as a disturbed carbohydrate
trimming of post-ER MHC | molecules.

Conclusively, this work demonstrates impressively the remarkable properties of
ORFV strain D1701-V and its excellent potential as a vector vaccine against viral
pathogens.
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Chapter 12

Generation and Selection of Orf Virus (ORFV) Recombinants

Hanns-Joachim Rziha, Jorg Rohde, and Ralf Amann

Abstract

Orf virus (ORFV) is an epitheliotropic poxvirus, which belongs to the genus Parapoxvirus. Among them
the highly attenuated, apathogenic strain D1701-V is regarded as a promising candidate for novel virus
vector vaccines. Our recent work demonstrated that those ORFV-based recombinants were able to induce
protective, long-lasting immunity in various hosts that are non-permissive for ORFV. In this chapter we
describe procedures for the generation, selection, propagation, and titration of ORFV recombinants as
well as transgene detection by PCR or immunohistochemical staining.
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1 Introduction

Poxviruses are used manifold as viral vectors. Vaccinia virus (VACV)
was among the earliest eukaryotic viruses to be engineered for
expression of foreign genes already more than 30 years ago [1, 2],
and also paved the way for the general development of recombi-
nant viral vectors (reviewed in ref. [3]). Increasing knowledge of
poxviral gene regulation and developments in molecular biological
techniques commonly facilitated the generation of poxvirus recom-
binants including VACV, fowlpox virus, and canarypox virus
(reviewed in ref. [4]). Subsequently, recombinant poxviruses also
became attractive live vaccine vectors against various infectious dis-
eases, for human gene therapy, and for anticancer immunotherapy
[5-7].

The use of recombinant poxviruses as excellent candidate vac-
cine vectors is reasoned mainly by (1) their stability, (2) their large
genomic size allowing flexible integration of multiple foreign
genes, (3) their exclusive cytoplasmic gene expression, which is
independent from the host cell machinery and therefore, (4) essen-
tially no risk of integration into the host genome and subsequent
insertional cellular gene inactivation, (5) the very low mutation
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1.1 General
Considerations

rates of the recombinants’ genome, and (6) most importantly their
ability to stimulate long-lasting transgene-specific B- and T-cell
immunity. However, replication-competent attenuated VACV vec-
tors caused some inadvertent, serious complications after immuni-
zation [6, 8]. Due to their inability of replication in mammalian
cells, the highly attenuated VACV strains modified vaccinia virus
Ankara (MVA) and NYVAC turned out to promising poxvirus vec-
tors for human use [4, 8, 9]. Concern exists that the profound
attenuation of MVA or NYVAC might be responsible for reduced
immunogenicity observed in some clinical trials, and several strate-
gies have used to enhance their immunogenic capacity [ 10-14].

Recently the Parapoxvirus Orf virus (ORFV) has been recog-
nized as a valuable new virus vector system combining several
important demands for a safe recombinant vector virus: The very
restricted host range, the absence of systemic virus spread, the
short-term vector-specific immunity and the lack of serum anti-
bodies efficiently neutralizing ORFV enabling repeated immuniza-
tions, still unraveled immune-modulating properties, and the
induction of strong and long-lasting immune responses against
vector-encoded foreign antigens [15, 16]. During recent years, we
demonstrated the successful use of this novel virus vector system
based on the apathogenic, Vero cell culture-adapted highly attenu-
ated ORFV strain D1701-V, which is used to generate recombi-
nants by substituting the viral vegf-e gene with a foreign gene, and
thereby removing an ORFV virulence gene [15, 17]. We have cho-
sen the original vegf-e early ORFV promoter for the transgene
control, which allows its expression before ORFV DNA replication
and consequently does not need production of infectious progeny
of ORFV recombinant. Therefore, transgene expression is also
achieved in cells non-permissive for ORFV [18]. Adaption for
growth in the non-ruminant cell line Vero led to additional
genomic deletions, which are most probably responsible for the
strongly reduced pathogenicity of D1701-V [17]. Various
D1701-V recombinants were reported to mediate excellent pro-
tective immunity against a number of different viral infections
[18-25].

Here we describe up-dated procedures for the generation and
selection of recombinant ORFV derived from strain D1701-V or
D1701-VrV. The protocols include two different selection tech-
niques and optimized procedures for production, titration, and
identification of recombinant ORFV.

Since poxvirus DNA is not infectious and the large genome is not
efficiently taken up by cells, poxvirus recombinants must be gener-
ated by homologous recombination taking place between a trans-
fer plasmid, which contains the transgene(s) of interest under the
control of defined poxviral promoter, and flanking poxviral
genomic DNA. To this end, cells infected with the parental ORFV
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are transfected with the transfer plasmid at the approximate time
point of ORFV DNA replication. Because infection of too many
cells ultimately leads to high background of parental ORFV imped-
ing efficient selection of new recombinants, low multiplicities of
infection (moi) like for example 0.01-0.2 must be pretested.
Consequently, the low moi demands for highest transfection rates
allowing to target a sufficient number of infected cells with transfer
plasmid DNA.

After assaying various transfection reagents and techniques
including Lipofectamine, Fugene, or magnetofection, the best
recombination rates were reproducibly obtained using nucleofec-
tion [26]. The electroporation-based principle of nucleofection
allows most efficient transfection of different cell types either as cell
monolayer or single cell suspension with high cell viability. To our
knowledge two versions of nucleofector devices are available, either
the original Amaxa nucleofector or the CLB-Transfection system,
which both are used with excellent results.

To achieve highest possible titers of ORFV progeny, the so-
called simultaneous ORFV infection is preferred to standard infec-
tion of monolayer cells. To this end, the necessary amount of
ORFV is mixed together with the needed amount of trypsinized
cells in growth medium and seeded directly into the culture dishes
or flasks. Cells in best condition and regularly tested to be free of
mycoplasma must be used not only for transfection.

2 Materials

2.1 Virus and Cell
Culture

1. Virus: The attenuated ORFV strain D1701-V and the
B-galactosidase expressing derivative D1701-VrV has been
described earlier [18, 27].

2. Vero cells: The African green monkey kidney cell line was origi-
nally obtained from the ATCC (CCL-81).

3. Growth medinm: Minimum Essential Medium (MEM) Eagle,
supplemented with Earle’s salt, nonessential amino acids, and
l-glutamine, including 5 % fetal calf serum (FCS), 10° units
penicillin per liter, and 100 mg streptomycin per liter.

4. Verseme-trypsin (VT): 0.125 % (w/v) trypsin, 0.025 % (w/V)
EDTA, 0.4 % (w/v) NaCl, 0.01 % (w/v) KCI, 0.01 % (w/v)
KH,POy4, 0.057 % (w/v) Na,HPOy (see Notes 1 and 2).

5. Fetal calf serum (FCS): Endotoxin-free, sterile filtrated, before
use heat-inactivated (30 min, 56 °C) and stored at -20 °C.

6. TB, Trypan-biue: 0.25 % w/v TB in PBS.

7. PBS: Dulbecco’s PBS, phosphate-buffered saline without Mg?*
and Ca?.

8. 384-well plate: Perkin-Elmer, viewplate (OptiPlate), suited for
fluorescence.
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9.

10.

P

2.2 Agarose Overlay

2.3 DNA 1.

Multi(12-)channel reagent wveservoir: Best with V-shaped
troughs, which facilitates the serial dilution and mixing of virus
lysate with cells etc.

Nucleofection: The nucleofection solutions and cuvettes are
delivered with the kit.

. 2x MEM: or 2x medium T199, without phenol red.

. Low melting temperature (LMT) agarose: Agarose is solved in

aqua bidest. by boiling in a microwave to obtain 2 % (w/v),
and after cooling down to approximately 37 °C distributed
into 6 mL portions into tubes and subsequently sterilized by
autoclaving. These portions can be stored tightly closed at RT
(see Note 3).

. BluoGal: Stock solution contains 30 mg/mL DMSO or DMF

(Dimethyl-formamide), store at -20 °C in the dark, i.e.,
wrapped in aluminum foil. For use dilute 1:100 to obtain 0.3
mg,/mL final concentration (see Note 4).

The transfer plasmid used for nucleofection should be of high
quality, endotoxin-free.

2. Phenol: Tris-equilibrated phenol for molecular biological use.

N O\ U w

o]

10.

2.4 Immune Staining 1.

. CIA: Mixture of 24 parts of chloroform and 1 part isoamyl

alcohol, nucleic acid grade.

. Glycogen-blue: Life Technologies.

. 7.5 M Amwmonium acetate: Autoclaved.

. Eppendorf tabletop centrifuge, refrigerated.

. DNA isolation kit: For instance Master Pure DNA isolation

kit, Epicentre, including lysis buffer, RNase and proteinase K
enzyme solution.

. Isopropanol.
. Ethanol: absolute and 70 % (v/v) in sterile H,O; can be stored

at -20 °C.
Filter-tips (aerosol-tight) recommended for PCR.

FALDH: 16 % methanol-free formaldehyde, tightly sealed in
glass ampoules.

. TBST (Tris-buffer saline plus Tween 20): Can be prepared from

a 10x concentrated TBS stock solution (0.5 M Tris, 1.5 M
NaC(l solved in H,O dest., pH adjusted with HCl to 7.4-7.6)
by 1:10 dilution and adding Tween 20 to a final concentration
of 0.05 % (v/v).

. Block solution: TBST plus 10 % FCS or 10 % BSA (bovine

serum albumin).
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4. Peroxidase staining substrate: 1 mg DAB or DAB-black per mL
0.1 M Tris—=HCI, pH 7.4, shortly before use add 0.01 % (v/v)
HzOz.

5. Vector VIP stain kit is commercially available from Vector
Laboratories.

6. Beta Blue staining kit: Available from Novagen-Merck.

3 Methods

3.1 Nucleofection
of ORFV-Infected Cells

To obtain best possible transfection efficiency, Vero cells are seeded
the day before and grown to an approximately 80 % confluent
monolayer. After trypsinization (VT) the number of viable cells is
determined by Trypan Blue (TB) exclusion, and cells are diluted in
MEM plus 5 % (v/v) FCS to obtain 1.5 x10° cells per mL. This is
achieved as follows:

1. Pre-incubate the VT solution in a 37 °C water bath.

2. Pour off the medium of the fresh overnight cell culture (T75
flask).

3. Wash the cell layer once with 5 mL PBS or medium without
FCS (tempered at 37 °C).

4. Rinse the monolayer with 2 mL VT, remove the VI com-
pletely with a pipette.

5. Add 1 mL fresh VT, slightly move the flask to distribute the
VT solution evenly over the cell layer.

6. Place in a 37 °C incubator until cells start to detach (see also
Note 2).

7. When monolayer cells are beginning to detach, some taps
against the side of the flask help to dislodge the cells.

8. Add 0.5 mL FCS to stop trypsinization, vigorously suspend
the cells by strongly flushing the solution on that side of the
flask where the cells were grown.

9. Add 3.5 mL medium plus FCS, again vigorously suspend the
cells.

10. Remove 50 pL of the cell suspension and mix with 50 pL of
TB solution.

11. Pipette the mixture at the edge of a counting chamber covered
with a coverslip to allow suspension to spread evenly by capil-
lary action.

12. Place the chamber under a light microscope and count the
viable, not stained cells in four large quadrants (see Note 5).

13. For each transfection, 1 mL containing 1.5x 10°¢ suspended
Vero cells are infected with 3.0x10° plaque-forming units
(PFU) of the ORFV strain D1701-VrV (moi=0.2) and incu-
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3.2 Selection
of lacZ-Negative
Recombinant Virus

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

bated at 37 °C in a 2 mL Eppendorf cup under continuous
slow rotation for 2 h (see Note 6).

Prepare a 6-well culture plate by filling 2.5 mL of MEM plus 5
% FCS per well for each nucleofection.

Let the nucleofection solution equilibrate to room
temperature.

Two hours after infection (step 13) centrifuge the cell-virus
suspension at 90xg for 10 min at room temperature and
remove the supernatant completely (sec Note 7).

Resuspend the cell pellet carefully with 0.1 mL nucleofection
solution.

Add immediately 2 pg plasmid DNA, gently mix and transfer
into a cuvette included in the nucleofection kit avoiding air
bubbles (sce Note 8).

Close the cuvette and insert it into the cuvette holder of the
apparatus.

Select the correct pulse program for Vero cells and start.
After the pulse is finished, remove the cuvette from the holder,
and add 0.2-0.5 mL of the pre-warmed medium-FCS under a
laminar flow hood by using sterile Pasteur pipettes.

Gently transfer the solution back to the well of the 6-well plate
and incubate at 37 °C, 5 % CO,.

After 2-5 days, up to 80 % cpe (cytopathogenic effect) should
be recognized.

Medium and detached cells from each well are transferred to
sterile tubes and placed on ice.

Cells remaining on the bottom of the well are harvested by
treatment with 0.5 mL VT and combined with the medium
from step 24.

The obtained nucleofection-cell lysates (NL) are broken by
three times freezing at —70 °C and alternating briefly thawing
at 37 °C.

Preferably the NL is sonicated (100 W) 5-7 times 20 s on ice
(with a 10 s break between) to release infectious virus, and
stored at =70 °C until use.

The following procedure describes our original protocol for select-
ing new recombinants starting with the parental p-galactosidase
expressing, blue ORFV D1701-VrV [18, 23, 24].

1.

2.

The nucleofection lysate (NL; as described in Subheading 3.1)
is thawed on ice.

Five dilutions of NL (1:4-1:2500) are prepared on ice in PBS
or medium (see Note 9).
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20.
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. For each NL dilution 3x10° Vero cells in 2 mL MEM plus 5

% FCS are freshly prepared as described in Subheading 3.1.

. Added per well of a 6-well plate and mixed with 0.1 mL of

each NL dilution. One well receiving non-infected cells is used
as negative control.

. After approx. 3 days incubation at 5 % CO,, 37 °C plaques

should become visible.
Pre-warm 2x MEM in 37 °C water bath.
For each well of a 6-well plate 1.5-2.0 mL agarose overlay is

needed, i.e., 12 mL agarose-medium-BluoGal overlay must be
prepared per plate.

. To this end boil one 6 mL portion of LMT agarose followed

by equilibrating to approximately 37 °C in a water bath (see
also Note 2).

. Thoroughly mix with 6 mL of 2x MEM equilibrated at 37 °C,

but be careful to avoid creating air bubbles.

Finally mix 0.12 mL of the BluoGal stock to obtain 0.3 mg/
mL final concentration.

Carefully remove the medium, take care not to let dry out the
cells, and slowly pour 2 mL of the overlay from the edge of
each well followed by carefully moving the plate to prepare an
evenly distributed overlay covering the complete cell
monolayer.

Let the overlay harden for a short time at room temperature
(see also Note 4), before incubating at 5 % CO,, 37 °C.

Blue parental D1701-VrV plaques should become visible after
4-48 h.

Isolation of potentially new recombinant plaques: Identify sin-
gle, colorless plaques under the light microscope, and label
them with a lab pen outside on the bottom of the well.

For each virus plaque fill 0.2 mL PBS per well of a 48-well
plate.

Under the sterile work bench pick the plaques for example
with a sterile Pasteur pipette.

Transfer each plaque agarose block into the PBS of the indi-
vidual wells.

Incubate the 48-well plate overnight at 4 °C to elute virus
from the agarose blocks.

Next day, freshly prepare Vero cells (see Subheading 3.1), and
add 0.5 mL MEM plus 5 % FCS containing 1x10° cells to
each well containing the picked plaques.

Incubate the plate at 37 °C, 5 % CO, for 3-5 days until cpe or
plaque formation becomes visible (se¢ Note 10).
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3.3 Fluorescence-
Based Positive
Selection

21. The plate is frozen and thawed three times (=70 °C, 37 °C), in
order to break cells and to release virus.

22. Medium and cells are harvested from each well and stored at
-70 °C until used for: PCR screening (Subheading 3.6), virus
plaque titration (Subheading 3.8), X-gal staining, and addi-
tional plaque-purification by re-isolation of white plaques (see
Note 11).

For DNA preparation 0.1 mL of the lysates can be used,
too (Subheadings 3.5 and 3.6).

As compared to the blue-white screening described in Subheading
3.2, the positive selection based for instance on fluorescence has
several advantages:

e Less expensive and laborious, no agarose overlay containing
special substrate (like X-Gal) is necessary.

e The fluorescent signal can be detected earlier and faster.

e The initial screening for new fluorescence-positive recombi-
nants can be performed by limiting dilution procedure, which
is clearly easier and faster. The strategy of the “endpoint-dilu-
tion” method is to detect in the best case a dilution of the NL,
which contains per well one single pfu, here derived from one
fluorescent recombinant infectious particle.

e Several fluorescent colors can be used, which might facilitate
the generation of polyvalent vectors. Various fluorescent
marker genes are commercially available, which can be used
not only as marker genes expressed alone or in addition to
another gene of interest, but of course also for tagging or fus-
ing with the foreign gene.

The nucleofection of Vero cells infected with D1701-VrV
(moi=0.2) is performed exactly as described in Subheading 3.1. In
the following procedure the selection of an ORFV recombinant is
described, where the LacZ gene of D1701-VrV is replaced for the
AcGFP gene. The used transfer plasmid pdV-AcGFP contains the
AcGFP gene under the control of the early vegf-e promoter of
ORFYV (see Note 12).

After freeze-thaw and sonication the obtained NL is diluted
and screened for AcGFP-positive recombinants as follows:

1. Freshly prepared Vero cells (see Subheading 3.1) are diluted to
(a) 1 x10° cells per mL and (b) 1.5x 10° cells per mL.

2. In trough one of a multichannel reservoir prepare a 1:3 dilu-
tion of NL achieved by mixing 1.0 mL of NL thoroughly with
2.0 mL MEM containing 5 % FCS and 3 x 10° Vero cells.

3. Troughs 2-12 of a multichannel reservoir are filled each with
2.0 mL medium plus 5 % FCS and 2 x 10° Vero cells.
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. Next, transfer 1.0 mL from trough 1 to trough 2 containing

the 2.0 mL cells-medium, mix thoroughly to obtain the next
1:3 dilution.

. This 1:3 dilution steps are identically repeated ending up in

trough 12 with a dilution of 1:531,441.

. Using a multichannel pipette (12 channels) 50 pL of the dif-

ferent dilutions from troughs 1-12 can be easily transferred to
the 384-well plate as follows:

Wells A to P of rows 1 and 2, i.e., 32 wells of the plate
receive the first 1:3 dilution from trough 1.

Wells A to P of rows 3 and 4 receive the next dilution from
trough 2 (1:9 dilution), and so on.

. Ending with wells A to P, rows 23 and 24 with the highest

dilution from trough 12 (see Note 13).

. After 24 h of incubation at 37 °C And 5 % CO, the plate can

be monitored under a fluorescence microscope (see Note 14).

Wells exhibiting green fluorescent cells in the highest NL dilu-
tions are recorded.

Continue incubation until virus plaque formation has pro-
ceeded (usually 72 h after seeding).

Determine the ratio of the number of green plaques to white
plaques (fluorescence versus bright field).

Harvest those wells showing the highest ratio of green plaques
by transferring medium and cells (detached with 30 pL VT per
well) into single wells of a 48-well plate (se¢ Note 15).

Freeze-thaw the harvested lysates three times (as described

before).

Add 0.5 mL of MEM containing 5 % FCS and 1x10° Vero
cells to each well.

Incubate at 37 °C, 5 % CO, until clear cpe and plaque forma-
tion can be visualized (usually after 72 h).

Harvest the medium and cells (treating with 0.1 mL VT per
well), freeze-thaw three times.

Use 0.1 mL for DNA preparation (Subheading 3.6), store the
lysates at -70 °C.

Negative selection:
It is self-evident that the above described procedure of selec-

tion can be identically used for a negative selection. Here a parental
D1701-V is applied, which for instance is expressing a fluorescent
marker gene and new nonfluorescent recombinant ORFV are
screened. The latter might require some expertise, because starting
ORFV-specific cpe or ORFV plaques are not always unambigu-
ously identifiable.
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3.4 DNA Isolation
from Single ORFV
Plaques for PCR

3.5 Quick
Preparation of Viral
DNA

The following method modified from Pasamontes et al. [28] we
found reliably working with good success. However, other reported
methods or commercially available DNA purification kits might be
suitable, too.

Following important points should be strictly considered:

*  Work sterile at a place reserved for PCR and use filter-tips rec-
ommended for PCR.

e Use clean pipettes reserved for PCR, which are never used for
pipetting of DNA templates.

*  Extreme care must be taken to prevent contamination or carry-
over with virus or DNA (plasmid or viral DNA).

e All solutions used must be reserved for PCR and bottled in
single use portions.

e Working with phenol must be performed under a fume hood.

1.

Mix 0.1 mL of the plaque virus lysates, as obtained in
Subheading 3.2 or 3.3, with 0.1 mL PCR grade H,O.

. Add successively 0.1 mL phenol and 0.1 mL CIA, vortex,

and centrifuge 3-5 min at 12,000xg in an Eppendorf
centrifuge.

. Save the DNA containing supernatant, add 0.2 mL CIA,

vortex and centrifuge as above (see Note 16).

. Repeat step 3, take the supernatant and add 1-3 pL

Glycogen-Blue (see Note 16).

. Ethanol precipitate the DNA (0.2 mL) by mixing succes-

sively with 0.1 mL 7.5 M ammonium-acetate, and adding
0.6 mL absolute ethanol, mix and chill 10-30 min on ice.

. Centrifuge at 10,000 rpm in an Eppendorf centrifuge, 4 °C

tor 20-30 min, pour off ethanol and wash pellet twice with
0.2 mL 70 % (v/v) Ethanol (sec Note 17).

. Remove the ethanol completely and dry DNA in the opened

cup at room temperature or 37 °C (see Note 17).

. Thoroughly dissolve DNA in 12 pL. PCR-H,O0.
. Use 3 pL containing approximately 100-500 ng DNA for

PCR as described in Subheading 3.7.

The protocol is adapted from the Master Pure DNA isolation kit
from Epicentre Biotechnol (Biozym Scientific). In our hands, this
method results in reproducibly good quantity and quality of ORFV
DNA, and can be also used for other DNA analyses like Southern
blotting.
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The given volumes refer to infected cells taken from one well

of'a 6-well plate (1.0-1.5 mL medium per well for infection is suf-
ficient); however, for the use of smaller cell numbers as derived
from 48- or 96-well plates the volumes can be adapted
proportionally.

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Harvest cells when cpe has proceeded to approximately 80 %
(see Note 18).

Transfer cells and medium in a 2 mL Eppendorf cup, keep on
ice.

. Trypsinize remaining cell monolayer with 0.3 mL VT at 37 °C,

thoroughly suspend cells and combine with the corresponding
medium from step 2.

. Spin down cells by brief centrifugation and discard

supc€rnatant.

. Add 1.0 mL PBS, vortex to resuspend cells completely, and

centrifuge again.

. Remove supernatant but leave one drop (approximately 50

pL) to suspend cell pellet thoroughly by vortexing.

. Add 0.3 mL lysis buffer premixed with Proteinase K (kit) and

completely suspend the cell pellet (see Note 19).

. Heat for 15 min at 65 °C and mix by inversion every 5 min.
. Equilibrate the lysate to 37 °C before adding 1 pL. RNase A

(kit) and incubate additional 30 min at 37 °C.

Place on ice, add 0.15 mL. MPC reagent (kit), and mix thor-
oughly by inversion.

Centrifuge, for 10 min at 4 °C and 12,000 x4 in an Eppendorf
centrifuge.

Transfer supernatant without any precipitate into a fresh
Eppendorf cup (1.5 mL) and add 0.5 mL isopropanol.

Precipitate DNA by inverting the cup 30-times (can be stored
overnight at 4 °C).

Centrifuge for 10 min at 4 °C and 12,000 x g in an Eppendorf
centrifuge, and pour off ethanol (see also Note 17).

Wash DNA pellet twice with 0.2 mL 70 % ethanol, centrifuge
for 5 min, and drain off ethanol as above (step 14).

Dry DNA pellet until ethanol is completely evaporated (see
also Note 17).

Solve the DNA pellet with 10-50 pL TE (kit) and leave over-
night at 4 °C for completely resolving DNA. Thoroughly sus-

pend with a cut yellow tip (see Note 20), and determine DNA
concentration.
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3.6 Screening by
PCR

The successful isolation and purification of new recombinants is
monitored by PCR assays, which are (1) specific for the new
inserted foreign gene of interest, (2) specific for the marker gene of
the parental virus (the lacZ gene in the case of D1701-VrV), and
(3) ORFV-specific. The result of such a PCR analysis is representa-
tively shown in Fig. 1.

Specific PCR primers are selected, which amplify internal gene
fragments of 300-700 bp in size, and which allow most sensitive
and specific detection of the corresponding gene. We recommend
establishing PCRs that are able to detect less than 50 fg of the
inserted gene. Using such PCR sensitivity, we never detected
growth of parental blue or fluorescent virus from plaque-purified
ORFV recombinants after several cell culture passages, which have
been PCR-negative for the marker gene of the parental virus. In
that respect, we recommend to test recombinant virus passages
also routinely by PCR for the absence of the parental virus and to
verify stable insertion of transgene.

In the very most cases, we found that ready-to-use double-
concentrated Taq polymerase-based PCR mixes, which already
contain gel loading dye, are most suitable for screening of larger
numbers of DNA isolated from potential recombinant virus plaques
or virus lysates. The only exception represents detection of the
lacZ gene of D1701-VrV, which needs for highest sensitivity a Pfx
or Pfu polymerase (see protocol in Subheading 3.6.1).

C1 C2 C3

M 1 2 3 4 5

DIL-10

Fig. 1 PCR screening of recombinant ORFV plaques. Lanes 1-5 represent PCR
products of DNA directly isolated from single recombinant ORFV plaques, which
are positive for the inserted Rabies virus G gene (RabG, 433 bp), negative for the
parental LacZ gene (508 bp), and positive for the ORFV-specific IL-10 gene (DIL-
10, 363 bp). As controls PCR was performed with RabG plasmid DNA (C7), with
DNA from non-infected cells (C2), and with lacZ plasmid DNA (C3-LacZ) or with
IL-10 plasmid DNA (C3-DIL-10). Mrepresents 1 kb size marker (BioLabs)

RabG

LacZ




36.1 LacZ
Gene-Specific PCR

3.6.2 ORFV-Specific
IL-10 PCR
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The chosen times for denaturation, annealing, and extension
of the amplification protocol is depending on the apparatus used.
Due to the relatively high G+ C content of the ORFV DNA (on
the average 64 %), we recommend to start with a first denaturation
step at 98 °C for 2 min, which helps to obtain complete single
strand denaturation of ORFV DNA. The following 35 amplifica-
tion cycles consist of denaturation at 96 °C, the appropriate anneal-
ing temperature and extension at 72 °C using Taq polymerase.

Hot-start PCR 1is used to improve the performance of PCR
and to increase specificity as well as target yield. Several hot-start
PCR systems are commercially available. These approaches avoid
DNA polymerase extension at lower temperatures and minimize
nonspecific amplification and formation of primer dimers. Similar
hot-start effect can be achieved by starting the thermocycler with
the chosen PCR program, but stop the program after reaching 80
°C during the first step. At this temperature all samples just lacking
the template but already including primers and polymerase mix are
preheated in the thermoblock at 80 °C for a couple of minutes.
Next, the template is added to each vial and placed back to the
thermoblock. After adding DNA to the last vial the program is
continued for cycling.

The following PCR has been established for the sensitive detection
of the parental D1701-VrV (as used in Subheadings 3.1-3.3).

1. The primer mix LacZ-FR is prepared by mixing together 3.95
pmol of the forward primer lacZ-F (5'-CGA TAC TGT CGT
CGT CCC CTC AA-3’) and 4.13 pmol of the reverse primer
lacZ-R (5’-CAA CTC GCC GCA CAT CTG AAC T-3").

2. Per PCR reaction use 1 pL LacZ-FR, 1 pL. PCR-H,0, 3 pL
(ca. 100 ng) template DNA isolated from the NL or virus
lysates, and 5 pL twofold concentrated AccuPrime II (Life
Technologies).

3. The PCR program consists of 98 °C and 2 min, 35 cycles con-
sisting of 96 °C and 60 s, 62 °C and 30 s, 68 °C and 90 s,
ending with a final step at 68 °C for 2 min.

4. The expected amplicon size amounts to 508 bp, as seen in Fig.
1, LacZ.

Negative PCR results cannot be excluded to result from poor qual-
ity ofthe DNA isolated from the different virusisolates (Subheadings
3.1-3.3). This can be tested by the use of an ORFV-specific PCR
to verify the presence of ORFV DNA. ORFV encodes a functional
IL-10 homologue (PP42) not present in other poxviruses. We
found that ovIL10-specific PCR is very sensitive for D1701-V,
which of course does not exclude the suitability of other ORFV
genes.
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1.

The primer mix DIL10-FR is prepared by mixing 4 pmol for-
ward primer DIL10-F (5'-CAC ATG CTC AGA GAA CTC
AGG G-3') and 4 pmol reverse primer DIL10-R (5’-CGC
TCA TGG CCT TGT AAA CAC C-3').

. Per PCR reaction 3 pLL DIL10-FR are mixed with 100 ng tem-

plate DNA (2 pL) and 5 pL 2x DreamTaq Green PCR Master
Mix available from Thermo Scientific-Fermentas (se¢e Note
21).

. The PCR program consists of 98 °C and 2 min, 35 cycles con-

sisting of 96 °C and 30 s, 65 °C and 30 s, 72 °C and 30 s,
ending with the final step at 72 °C for 2 min.

4. The expected amplicon size amounts to 363 bp, as seen in Fig.

1, DIL-10.
3.7 Production OREFV titers obtained by in vitro cell culture propagation, not only
of Concentrated ORFY  with ORFV D1701-V, are generally hardly exceeding 10°-107
Preparation pfu/mL. In order to achieve virus stocks with higher titers the fol-

lowing procedure can be recommended (see Note 22).

1.

10.

11.

12.

13.

Vero cells are seeded in a T175 culture flask to obtain an almost
confluent cell monolayer of approximately 2x 107 cells after
overnight incubation at 37 °C and 5 % CO,.

. After pouring off the medium, briefly wash the cell monolayer

with VT, add 2.0 mL VT and incubate 3-5 min at 37 °C until
cells are detached completely.

. Add 0.9 mL FCS and resuspend cells by vigorous pipetting.
. Add 1x107 pfu virus, finally corresponding to 0.5 moi, fill up

with medium to 9.0 mL, and swirl the flask for mixing.

. Divide the virus—cell suspension into three T150 flasks (3 mL

for each).

. Fill up to 40-50 mL with medium plus 5 % FCS.
. Incubate 3—4 days at 37 °C, 5 % CO, until cpe has developed

to approximately 80 % (see Note 23).

. Tap the flasks vigorously to dislodge infected cells, pour

medium plus cells into a rotor cup (Beckman, JA-14,250 mL),

. In case cells are still retained in the flask, add 2.0 mL VT and

incubate briefly at 37 °C.

Vigorously suspend the trypsinized cells with the medium
transferred in step 8 to the rotor cup.

Centrifuge 2 h at 26-30,000 x g and 4 °C, remove supernatant
carefully without disturbing pellet.

Add 1 mL PBS and leave the rotor cup at 4 °C overnight in a
sloped position to cover and to resolve the pellet completely.

Transfer the crude virus preparation into appropriate vials on
ice.
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Freeze-thaw three times (=70 °C, 37 °C).

Immerse the sterile bar of an ultrasonic device into the upper
part of the virus suspension on ice, sonicate with 8-10 pulses
(100 W, 20 s each) with a 5-10 s break between each pulse.

Now immerse the bar into the lower part of the virus suspen-
sion and again pulse four times.

Centrifuge 5 min at 4 °C and 500-700xg4 to remove cell
debris.

Save supernatant on ice.

Suspend the pellet in 1.0 mL PBS and transfer it to an
Eppendorf cup.

Sonicate (100 W) again in an ultrasonic bowl, on ice 20 s twice
(10 s break) and once for 30 s.

Centrifuge at 2000 xg for 10 min at 4 °C and combine this
supernatant with supernatant from step 17.

Determine the virus titer, which should be higher than 10*
pfu/mL. Store in aliquots at -70 °C.

The classical virus plaque titration assay is applied to determine the
titer of D1701-V derived recombinant virus preparations. Vero
cells are seeded the day before use and prepared as described in
Subheading 3.1 (see Note 24).

1.

Prepare on ice 1.0 mL tenfold virus dilutions ranging from
1:10% to 1: 108 in medium,

. Pipette 0.1 mL of each dilution into wells A-F of rows 1-7

(sextuple) of a 48-well plate.

. Wells 8A-8F represent the non-infected controls and are filled

with cells only.

. Pipette 0.5 mL cell suspension containing 5 x 10* cells in MEM

plus 5 % FCS into each well.

. Mix with the virus dilution by careful manual agitation, and

incubate at 37 °C, 5 % CO,.

. After 3—4 days plaques can be counted and the mean plaque-

forming unit (pfu) titers are calculated.

. For additional virus plaque staining remove the medium, care-

fully wash once with PBS without destroying the cell mono-
layer, and proceed as described in Subheading 3.9.

The availability of appropriate specific antibodies allows the proof
of successful transgene expression by performing immunohisto-
chemical staining of infected cells (shown in Fig. 2). In the follow-
ing, immune peroxidase monolayer assays (IPMA) are described
for antigen detection in fixed or non-fixed, live cells.
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Fig. 2 Identification of recombinant ORFV plaques. (a) LacZ gene expression from D1701-VrV is detected by
X-Gal staining using agarose-overlay. (b) RabG gene expressing recombinant virus plaque detected by specific
IPMA, as described in Amann 2013 [24]. (¢) Exchange of the lacZ gene for the AcGFP gene leading to green
fluorescent recombinant virus plaques of D1701-V-AcGFP as described in Subheading 3.3. (d) Nonfluorescent,
white recombinant virus (circled) was obtained by substitution of the AcGFP gene (Microscopic magnification:
40-fold)

3.9.1 IPMAPlaqueAssay ~ This assay allows the discrimination of new foreign gene expressing
recombinant ORFV plaques or foci from plaques of parental,
transgene-negative ORFV (Fig. 2b).

1. Vero cells are prepared as described in Subheadings 3.1-3.3.
2. Virus lysate dilutions are prepared on ice.

3. For each well of a 24-well plate 0.1 mL virus dilution is mixed
with 0.5 mL MEM plus 5 % FCS containing 1 x10° cells (see
Note 25).

4. One well contains non-infected and parental virus-infected
cells as negative controls.

5. The plate is incubated for 2—4 days at 37 °C and 5 % CO, until
distinct cpe or virus plaques have been formed.

6. Aspirate medium carefully not to damage the intact cell
monolayer.
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. Let dry cells by placing the uncovered plate in the laminar flow

hood for ca. 10 min, which helps to maintain intact
monolayer.

. Add slowly 0.5 mL ice-cold 100 % methanol (prechilled at =20

°C) to each well.

. Fix the cells for 15 min at —20 °C.
10.

Aspirate methanol, wash twice with ice-cold PBS containing
either 1 % (w/v) BSA or 1 % (v/v) FCS.

Blocking unspecific antibody binding sites is achieved with 0.5
mL PBS plus 10 % FCS per well for 60-90 min at room tem-
perature or overnight in the refrigerator.

Remove block solution and without washing add 0.2 mL per
well of first, antigen-specific antibody diluted in TBST-BSA/
FCS (see Note 26).

Incubate for 1 h at room temperature under constant slow
shaking.

Wash three times for 5 min with 0.5 mL TBST-BSA/FCS at
room temperature for instance on a rocking platform.

. Incubate for another 30—-60 min at room temperature with 0.2
mL appropriate peroxidase-labeled second antibody, diluted
for example 1:2000 in TBST (see also Note 26).

Wash the wells three times 5 min with 0.5 mL TBST and once
with PBS at room temperature.

Add substrate (e.g., DAB or DAB-black) prepared as recom-
mended by the manufacturer until distinct brown or black
color had developed.

Stop reaction by rinsing with tap water (which helps to inten-
sify brownish staining) before counting stained plaques or foci.
The tightly closed plate can be stored at 4 °C and also used for
further histological staining.

Instead of using a X-gal-agarose-overlay (Subheading 3.2),
B-galactosidase can be also monitored in fixed, infected cells as fol-
lows. Instead of the BetaBlue Staining kit (Novagen-Merck) other
comparable kits should be also suitable for similar quick, direct
visualization of p-galactosidase expression.

1.

Vero cells are infected in 24-well plates and incubated until cpe
and/or plaque formation is achieved as described above
(Subheading 3.9.1).

2. Aspirate culture medium from cells.

. Wash the cells twice with PBS plus NP-40 (see Note 27).
. The cells are fixed by the addition of 0.5 mL methanol-free

FALD for 15 min at room temperature.
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3.9.3 Combined
Detection

of -Galactosidase
and Antigen

3.9.4 Plaque Staining
of Unfixed Infected Cells

. Remove the fixative and wash cells four times with PBS.

. Gently add 0.5 mL of the BetaBlue staining solution and incu-

bate at 37 °C (see Note 28).

. Staining is finished after 1-3 h and stopped by washing with

PBS.

. For storage, the stained cell layer can be covered with 15 %

(v/v) glycerol in PBS.

ORFV D1701-VrV expressing p-galactosidase can be discrimi-
nated from new transgene-expressing recombinants by the simul-
taneous staining for pf-galactosidase and the foreign antigen.

1.

Remove supernatant from cells infected in a 24-well plate as
described above (Subheading 3.9.1).

. Wash at room temperature three times 5 min with PBS (0.5

mL).

. Dry the cell monolayer by leaving the open plate for ca. 10 min

in laminar flow hood.

. Cells are fixed at 4 °C (in the refrigerator) after adding 0.5 mL

cold methanol-free FALD.

. Gently add 0.5 mL of the BetaBlue staining solution and incu-

bate for 1 h at 37 °C (see Note 28).

. Wash three times 5 min at room temperature with 0.5 mL

TBST containing 1 % FCS.

. Incubation with first and peroxidase-labeled secondary anti-

body as well as substrate reaction is performed exactly as
described from steps 12-19 in Subheading 3.9.1.

The following procedure can be used to detect foreign gene expres-
sion in non-fixed, viable cells forming virus plaques, which can be
subsequently isolated. This method works very well for recombi-
nant proteins expressed on the infected cell surface; staining of
internally expressed proteins has not yet been tested.

1.

3.

4.

Vero cells, 3-5x10° cells in 3 mL. MEM plus 5 % FCS are
mixed with 0.1 mL virus lysates (dilution series from 1072 to
10-9).

. Seeded simultaneously in wells of a 6-well plate and incubated

until plaque formation is clearly visible.

After removal of medium, cells are washed carefully twice with
sterile PBS.

Incubated with 1 mL first antibody (specific for the foreign
gene product), diluted in MEM plus 2 % FCS for 2 h by gentle
rocking.
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. After removal of antibody solution, the cells are washed once

with PBS (2 mL).

. Incubated for 1 h with 1 mL secondary peroxidase-labeled

antibody diluted in MEM.

. Cells are washed once with PBS (2 mL).

. Incubation can be performed with for example the peroxidase

substrate “VECTOR VIP” substrate kit (Vector) until purple
plaque staining becomes visible during the next 1-3 h.

. Wash twice with 2 mL PBS.
10.

Cover the wells with LMT-Agarose overlay, which is prepared
as described in Subheading 3.2, steps 6-9.

After cooling down the overlay to 37 °C, slowly pour 1.5 mL
per well.

Allow the agarose-overlay to harden in the refrigerator.

Now the antigen-positive, purple virus plaques can be picked
with a sterile Pasteur pipette and used for virus isolation exactly
as described (Subheading 3.2, steps 15-22).

4 Notes

. Vero cells should not be overgrown or completely confluent

for splitting, because that might cause sticking together and
clumping of cells.

. Incubate cells not too long in VT (versene-trypsin solution) at

37 °C. Check after approximately 3 min; too long trypsin
treatment or too high trypsin concentration can lead to dam-
aged, clumped or stuck cells. VT pre-warmed at 37 °C leads to
reproducible times for cell displacing. Forcing cells to detach
by harsh, too extensive tapping or pipetting can cause perma-
nent cell damage. Before counting or seeding, carefully check
that the cells are evenly suspended.

. LMT, low melting point agarose has the advantage to become

completely molten at 65 °C and to remain fluid even between
37 and 30 °C. Weigh the needed amount of agarose (e.g., 2 g)
into water (100 mL), and after boiling take care to refill the
evaporated amount of water.

Agarose-BluoGal-overlay: We found BluoGal to result in fast and
strong blue staining; however, other X-Gal substrates work
equally.

The pH of the agarose overlay should be between 7.0 and 7 4.

Cool the agarose overlay solution down to ca. 30 °C, pour it
very slowly from the edge of the wells, in order to prevent
cell damage that can be erroneously noted as plaques or
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10.

11.

12.

cpe; be aware that the cell layer does not dry out after
removal of the culture medium.

After pouring the overlay, allow the agarose to harden briefly
at room temperature before incubating at 37 °C.

. For cell counting preparation of more dilutions might improve

calculation of cell density. The calculation depends on the type
of counting chamber used.

Neubauer improved chamber:

Number of cells/4 quadrants x 2x dilution x 10*=cells/mL.
Fuchs-Rosenthal chamber:

Number of cells/4 quadrantsx2x dilutionx 5 x 103 =cells/mL.

. The optimal multiplicity of infection (moi) might be pretested,

in our hands moi of 0.2-0.01 works well. If it is not possible to
place a rotator in the incubator, the virus—cell suspension can
be slowly shaken by hands several times during incubation.
Two hours of incubation are chosen to become ORFV DNA
replication started and increasing the possibility of recombina-
tion with transfer plasmid DNA in the infected cells.

Caution, the cell pellet is very unstable.

. We found 2 pg plasmid DNA optimal. Pilot tests can be per-

formed by monitoring the number of fluorescent or X-gal
stained cells 24 and 48 h after nucleofection.

We recommend performing not more than two nucleofec-
tions simultaneously, because incubation of cells plus DNA in
transfection buffer should not exceed 15 min to avoid cell
death. Prepare in advance the needed amount of cuvette,
Eppendorf cups, pipettes, and cut filter tips.

. Nucleofection lysates dilutions: That dilution must be found

resulting in a reasonable number of separated virus plaques to
allow single virus plaque picking. Because the virus titers in the
different NL can vary, additional dilutions might be needed.

In case that no cpe or clear plaque formation becomes visible,
nevertheless harvest the cells by trypsinization, freeze-thaw
and sonicate, and use a 1:5 or 1:10 dilution for simultaneous
infection of Vero cells in a 24- or 48-well plate. Due to very
low amount of virus in the plaque eluate, such a “blind pas-
sage” can increase the virus titer.

After this point, at least additional three up to five more rounds
of virus plaque purification are necessary to obtain genetically
homogeneous recombinant viruses.

Genetic variants of the green fluorescent protein (GFP) are
available with improved photostability, fluorescence strength,
or spectral characteristics. The AcGFP gene encodes a GFP
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consisting of human codons to enhance translation and expres-
sion in mammalian cells (Clontech, BD).

The described dilution series can be changed or adapted. The
reason for preparing 32 wells of identical dilutions is to enhance
the chance of identifying a sufficient number of wells with sin-
gle green plaques. Similar endpoint dilution series can be of
course also performed for example in 96-well plates.

Twenty-fold microscopic magnification is recommended to
allow clear visualization of beginning plaque formation in the
bright field and identification of green fluorescent cells and /or
plaques by UV fluorescence.

For reasonable handling, maximally 24 wells are recommended
to harvest.

Instead of transferring each supernatant into fresh cups after
each extraction, the removal of the lower phenol-CIA and CIA
phase by withdrawing it with a pipette from the bottom of the
cup and using it for the next extraction step, represents a good
alternative. Finally, the supernatant of last CIA extraction is
transferred to a fresh cup.

Glycogen-blue can be added to facilitate recovery of low
amounts of DNA. Alternatively, yeast tRNA (10 pg) could be
also used.

To prevent loss of the tiny DNA precipitate, for instance by
swapping out during ethanol removal, we recommend the fol-
lowing procedure:

Immediately after centrifugation slowly turn the closed cup
upside down, which separates the DNA pellet from the ethanol
solution. After placing it in that position onto a clean filter
(e.g., Kleenex) paper, slowly open the lid, let the ethanol drain
off by putting the cup with the opened lid upside down on the
filter paper.

Depending on the amount of remaining traces of ethanol,
drying can take from several to 10 min. Take care that the eth-
anol is completely evaporated, which can be recognized by the
DNA pellet becoming translucent.

Harvesting the infected cells at the appearance of approxi-
mately 80 % cpe should result in the best yield of ORFV DNA.

Complete suspension of the cell pellets is important, because
unsolved cell clumps will drastically reduce the DNA
recovery.

To cut the filter tips for DNA solving avoids mechanical shear-
ing of high mol. wt. poxviral DNA.

Other available ready-to-use double-concentrated Taq
polymerase-based PCR mixes could work equally.
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22. Only a relatively crude, partially purified virus preparation is
obtained. However, we found no detectable differences in the
strength and quality of the protective immune response as
compared to sucrose-gradient purified preparation (unpub-
lished data). Nevertheless, for more routine use as vaccine
more purified virus preparations are advised.

23. We found that that simultaneous infection with moi 0.5 and
harvesting at the appearance of ca. 80 % cpe resulted in highest
final virus titers.

24. One T75 flask containing 80-90 % confluent Vero cell should
be sufficient for three 48-well plates.

25. Virus dilutions should be used that lead to maximally 10-20
plaques per each well. Of course this procedure can be adapted
to 12- or 6-well plate.

26. Optimal dilution of first and second antibodies has to be deter-
mined; the peroxidase-labeled secondary antibody must be
directed against that species used for production of the first
antibody.

27. For higher sensitivity, we use PBS containing 0.02 % (v/v)
NP-40; however, PBS without detergent can work properly,
too.

28. Be careful by using a tissue culture incubator as the CO, may
alter the pH and can lead to unacceptable background
staining.
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expression of VP1 could be demonstrated in cells infected with the recombinant D1701-V-VP1 with-
out the need for production of infectious ORFV progeny. Notably, infected cells also released empty
calicivirus-like particles (VLPs). Challenge experiments showed that even a single immunization with
>10° PFU of D1701-V-VP1 protected rabbits against lethal RHDV infection. ELISA tests indicated that the
protective immunity mediated by D1701-V-VP1 did not strictly depend on the presence of detectable
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adds another example of the successful use of the ORFV vector system for the generation of a recombi-
nant vaccine, and demonstrates its potential as an alternative vaccine to protect rabbits against RHDV
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1. Introduction

Rabbit hemorrhagic disease (RHD) was first observed in China
1984 [1] and represents an acute, fatal, and highly contagious
disease of wild and domestic rabbits particularly affecting the Euro-
pean rabbit (Oryctolagus cuniculus). RHD is observed worldwide,
and is endemic in Europe and East Asia [2]. The disease causes
important economic losses in commercial rabbit production and
leads to high mortality in wild rabbit populations [3]. The etio-
logical agent is the rabbit hemorrhagic disease virus (RHDV), a
non-enveloped RNA virus belonging to the Genus Lagovirus within
the Caliciviridae [4,5]. Animals usually die within 2-3 days after
infection from necrotizing hepatitis and haemorrhages in the liver,
spleen, kidney, and lungs [6]. Experimental RHDV infection of rab-
bits is also used as a clinical model of fulminant liver failure [7]. The
positive-sense single-stranded RNA genome of RHDV is 7.5kb in
length and encodes a polyprotein precursor from the open reading
frame ORF1, which is finally cleaved into the 60 kDa major capsid
protein (VP1, formerly VP60) and several non-structural proteins
[8,9].

Various efforts have been made to create effective vaccines for
the prevention of the RHDV infection of rabbits, most of them
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relying on the use of the VP1 capsid protein. VP1 expression
in several heterologous systems, including bacteria, baculovirus,
poxvirus, yeast or plants, clearly showed its importance for the
induction of a protective immunity [10-20]. Expression of the VP1
gene can result in the formation of calicivirus-like particles (VLPs),
which were found to be very immunogenic [21-28]. Nevertheless,
presently used commercial vaccines are still prepared from the
liver of experimentally infected rabbits, because RHDV cannot be
propagated in vitro in cell culture systems. Therefore, replacing the
use of infectious animal material for vaccine production with new
recombinant vector systems would be very desirable.

Recently we reported the development of the Parapoxvirus Orf
virus (ORFV) as a new virus vector system for the expression of
foreign antigens. The very restricted host range, the skin tropism
and the lack of systemic spread even in immune-compromised
animals make ORFV a promising viral vector candidate [29-31].
Additional benefits of the ORFV vector are the reported adjuvant
properties and the short-term vector specificimmunity without the
formation of ORFV neutralizing antibodies, which allows repeated
inoculations [32-34]. For generating recombinant ORFV the highly
attenuated and apathogenic virus strain D1701-V is used [31,32].
This strain offers several advantages for its use as a viral vector
including its ability to be propagated in a cell line (Vero), and its
property to induce a strong immune-stimulating response even in
hosts non-permissive for ORFV [29,32,35]. Recombinant ORFV are
generated by inserting foreign genes in place of the viral vegf-e gene
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[31,36], thereby removing an ORFV virulence gene [33]. Recently,
ORFV D1701-V recombinants proved useful for delivering foreign
viral antigens and generating protective immunity to control acute
and persistent virus infections, which require different immune
mechanisms [36-38].

In this report we describe the construction of the ORFV recom-
binant D1701-V-VP1 expressing the VP1 protein of RHDV, and
evaluated its potential to protect rabbits against RHDV infection.
Rabbit experiments demonstrated that already a single intramus-
cular (i.m.) immunization with the recombinant D1701-V-VP1
mediated excellent protective immunity against lethal RHDV chal-
lenge infection. Interestingly, protection did not strictly depend on
the magnitude of specific serum antibody titres. Cytokine-ELISA
revealed the induction of interleukin-2 in the sera from D1701-V-
VP1 immunized animals, but not in sera from animals immunized
with the inactivated commercial RHDV vaccine, which might indi-
cate some role of T-cells in protection of rabbits against RHDV.

2. Materials and methods

Cells and viruses. The ORFV recombinants were propagated in
Vero cells and titrated as described [36]. To arrest ORFV infection in
the early stage, cells were infected in the presence of Cytosine ara-
binoside (AraC, 40 p.g/ml, Sigma). RHDV strain Eisenhuettenstadt
(Acc. No.: Y15440) was obtained from the liver of infected rabbits
[39].

Antibodies. The polyclonal rabbit antiserum specific for RHDV
VP1 (R-aVP60) was generously provided by B. Szewczyk (Uni-
versity Gdansk, Poland), the monoclonal antibody (mAb) 1G8 is
directed against VP1 [39], the rabbit anti-VP1 antiserum C1 [40]
was obtained from G. Meyers (FLI, Inst. Immunol., Tuebingen,
FRG). Rabbit antibody against cellular 3-actin was purchased from
Sigma-Aldrich (FRG).

Construction and selection of ORFVrecombinant D1701-V-VP1.The
VP1 coding sequence (GenBank accession no. M67473.1) was syn-
thesized by Mr. Gene (Regensburg, FRG). To prevent premature
stop of VP1 expression, at two positions the poxviral early tran-
script stop motif TTTTTNT (where N represents any nucleotide) was
removed by a silent mutation from codons TTT to TTC. In addition,
at the 3’-end a second translational TGA stop was added followed
by the sequence T5CT to provide correct early RNA stop. Finally,
a new HindlIIl and EcoRI restriction site was introduced at the 5’
and the 3’ end, respectively, and used for insertion into the transfer
plasmid pdV-Rec1 as described earlier [36] to obtain plasmid pdV-
VP60n. Correct insertion of the VP1 gene was verified by restriction
enzyme analysis and DNA sequencing.

Trypsinized Vero cells were infected in suspension for 2-3 h
with moi 0.2 of strain D1701-VrV containing the LacZ gene, before
nucleofection with 2 wg pdV-VP60n DNA using the nucleofector
device as recommended by the manufacturer (Lonza, FRG). There-
after the transfected and infected cells were seeded into 6-well
plates and grown until the appearance of cytopathogenic effects.
The cells were lysed, titrated on Vero cells and white virus plaques
were picked, propagated, and VP1 expressing virus plaques were
detected with the VP1-specific rabbit antiserum by immunostain-
ing as described [36]. Plaque purification was performed four times
until viral progeny was found by plaque PCR positive for VP1 gene
and negative for parental LacZ-gene expressing virus.

Single plaque PCR. Viral DNA was prepared from each single virus
plaque essentially as described [41]. Oligonucleotides used as PCR
primers were purchased from Metabion (FRG). VP1-specific ampli-
fication (449 bp) was achieved with 3 pmol primer vp60-N1,5-CGA
CTG ATG GCA TGG ATC CTG GCG TTG TG-3’, and 3 pmol primer
Vp60-N2, 5'-GGG ACG CAA GTC TGG CAT GGT GAT GGT AAC-3'ina
10 pl reaction containing 2x Reddy (ABgene, Fisher Scientific). The

samples were heated at 98 °C for 2 min followed by 35-times cycling
at96°C(1 min), 70°C(30s),and 72°C(30s) in a TRIO-Thermoblock
(Biometra, FRG). Amplification of the LacZ gene fragment (508 bp)
was achieved using 4,3 pmol primer lacZ-F, 5-CGA TAC TGT CGT
CGT CCC CTC AA-3, 4,1 pmol primer lacZ-R, 5’-CAA CTC GCC GCA
CAT CTG AAC T-3’, and AccuPrime SuperMix II (Invitrogen, Fisher
Scientific, FRG). After denaturation for 2 min at 98 °C, cycling was
performed 35-times at 96 °C (1 min), 62°C (30s), and 68°C (905s).
PCR products were detected by electrophoresis in horizontal 0.8%
(w/v) agarose gels.

RNA isolation and Northern blot hybridization was performed
as described [36], using UltraHyb as annealing solution accord-
ing to the recommendation of the manufacturer (Ambion, FRG).
The VP1-specific PCR product was gel isolated (Qiaex II, Qiagen,
FRG) and used as a probe after radioactive labelling with 32P-dCTP
(MP Biomedicals, FRG) and RediPrime (GE Healthcare, Amersham-
Biosciences, FRG).

Western blot analysis was performed as described [37]. All anti-
bodies were diluted in 1x RotiBlock (Roth, FRG) and for enhanced
chemiluminescence (ECL) the substrate Immobilon Western HRP
(Millipore, FRG) was used. X-ray films for ECL were purchased from
Pierce (Fisher Scientific, FRG).

Immunofluorescence. Vero cells were grown in 4-chamber
cell culture slides (Becton Dickinson, FRG), infected with the
ORFV recombinants, fixed at different times after infection in 2%
methanol-free formaldehyde (Polysciences, FRG) at room temper-
ature for 15min, and permeabilized in 0.2% (v/v) TritonX-100 in
Phosphate-buffered saline (PBS) for 5 min. Antibodies were diluted
in PBS containing 1% (v/v) foetal calf serum and incubated for
45 min at 37 °C followed by extensive washing in PBS. Secondary
dye-coupled antibodies (Fisher Scientific, Invitrogen, FRG) were
diluted 1:1000 and after 30 min at 37 °C the slides were washed
as above, and cellular F-actin staining was achieved by incubation
with Phalloidin CF647 conjugate (Biotium, FRG) during 20 min at
room temperature followed by staining of nuclei with DAPI (4/,6-
diamidino-2-phenylindole-dihydrochloride, 1 g per ml, Sigma,
FRG). Thereafter, the slides were thoroughly washed and embed-
ded in Mowiol-DABCO. Fluorescence images were recorded with
Axiovision using the ApoTome (Zeiss, FRG).

2.1. Electron microscopy

Cell culture supernatant was adsorbed directly at formvar-
coated 300 mesh nickel grids for 7min. After removing the
supernatant fluid, grids were stained with phosphotungstic acid
(pH 6.0) for another 7 min. For intracellular labelling of viral pro-
teins non-infected and infected Vero cells were fixed with 0.5%
(v/v) glutaraldehyde in PBS, pH 7.2, for 30 min, embedded in LMP
agarose (Biozym, Germany), and post fixed in the above fixative for
30 min. Thereafter, samples were blocked with 0.5M ammonium-
chloride in PBS for 60 min, washed in PBS, stained overnight in 0.5%
aqueous uranyl-acetate, dehydrated in ethanol under progressive
lowering of temperature, infiltrated with the acrylic resin Lowicryl
K4M (Lowi, Waldkraiburg, Germany) at —35°C, and polymerized
by 360 nm UV light [42].

The post-embedding labelling of ultrathin sections was per-
formed after blocking of surfaces with 1% cold water fish gelatin,
0.02M glycine, 1% bovine serum albumin (BSA fract. V; Sigma,
Germany) in PBS, by 2h incubation at room temperature with
anti-VP1 mAb or anti-RHDV hyperimmune serum diluted in
PBS-BSA. Diluted gold-conjugated goat-anti-species antibodies
(GAM1g, GAR¢¢ for single labelling; British BioCell Int. Cambridge,
U.K.) were added for 60 min at room temperature. Specificity of
the reaction was controlled on uninfected and infected Vero cells
by using gold-conjugate without primary antibody and by using a
RHDV VP1 non-related, anti-Newcastle disease virus antibody.
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Table 1

Protection against RHDV challenge of rabbits intramuscularly immunized with different doses (PFU) of D1701-V-VP1.

PFU D1701-V-VP1 RIKA-VACC Non immunized
Number of immunizations
1x 2x 3x 1x
107 Exp-A 4/42
Exp-B 4/4 4/4 4/4
108 Exp-A 4/4
Exp-B 4/4 3/3b 2/2b
10° Exp-A 4/4 4/4 0/4
Exp-B 3/3b 3/3b 3/3b 3/3b 0/5

2 Survivors/total number of animals.

b Reduced number of animals due to intercurrent, not RHDV-related mortality prior to challenge infection.

All preparations were analyzed with a transmission electron
microscope (Tecnai 12, Eindhoven, The Netherlands).

2.2. Animal experiments

RHDV seronegative “Zika-bred” rabbits aged 8 weeks of mixed
sex were distributed into groups as outlined in Table 1. The animals
were immunized once, twice or 3-times by the intramuscular (i.m.)
route with 1 ml D1701-V-VP1 containing 107 PFU (plaque-forming
units), 10 PFU, or 10° PFU, respectively. For controls, groups
of rabbits were vaccinated with the commercial RHDV vaccine
“RIKA-VACC” (Riemser Arzneimittel AG, Germany) or remained
non-vaccinated. Sera were collected prior to the vaccination and
in weekly intervals. Twenty two days after the last vaccination, the
animals were inoculated i.m. with 1 ml containing 10% LD50 (lethal
dose 50) of the virulent RHDV strain “Eisenhiittenstadt”. Rabbits
were monitored clinically and livers of rabbits which died after
challenge infection were collected and tested by haemagglutina-
tion test and antigen ELISA for RHDV as described [39].

ELISA. The presence of RHDV-specific serum antibodies was
monitored by indirect ELISA as reported [39]. The results are pre-
sented as ELISA indices and the cut-off value was set to 0.2 as
described [43]. An antigen ELISA for detection of RHDV in liver sam-
ples after challenge was performed as previously published [39].
Induction of serum cytokines was investigated by ELISA accord-
ing to the instruction of the manufacturer (USCN Life Sci., Hoelzel,
Germany).

3. Results
3.1. Selection of VP1-expressing ORFV recombinant D1701-V-VP1

After three rounds of plaque-purification several recombinant
virus isolates were obtained containing the VP1 gene instead of
the LacZ gene cassette of the parental D1701-VrV as proven by
PCR (data not shown). Three single plaque virus isolates (2.2.6,
3.4.4, and 4.1.9) were tested for expression of VP1 protein by [IPMA
and were chosen for further analysis. Fig. 1 shows that the rabbit

Fig. 1. VP1 expression from single plaque virus isolates of recombinant ORFV. Vero cells were infected with the 3 different single plaque virus isolates 2.2.6 (A), 3.4.4 (B), and
4.1.9 (C), non-infected (D), or infected with the parental virus D1701-VrV (E and F), fixed 2 days pi, and VP1 expression was detected by IPMA staining with the R anti-VP60
antiserum (1:1000 diluted). Virus-infected cells starting to form plaques are specifically stained brown (A-C), whereas non-infected or D1701-VrV-infected cells remained
negative (D and E). Blue plaques of D1701-VrV-infected cells are demonstrated by X-gal staining (F). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 2. (A) VP1 expression shown by Western blot analysis. Protein lysates were
prepared from non-infected cells (lanes 1) and from cells infected with virus plaque
isolate 2.2.6 (lanes 2 and 6), 3.4.4 (lanes 3 and 7), 4.1.9 (lanes 4 and 8) or parental
D1701-V (lane 5) 24h and 48hpi as indicated. Detection of VP1 (60kDa) was
achieved with (A) specific antisera C1 diluted 1:15,000, (B) R-antiVP60 diluted
1:20,000, and (C) mAb 1G8 diluted 1:2000. (D) Detection of cellular B-actin as a gel
loading control showing a slightly lower amount of protein of the parental D1701-V
lysate in lane 5. All 3 plaque virus isolates reacted equally well with the 3 differ-
ent anti-VP1 antibodies. (B) Northern blot hybridization to detect early expression
of the VP1 gene. Total RNA was isolated from D1701-V-VP1 infected cells at the
indicated hours pi. Lanes Ara and CHX indicate RNA isolated from cells treated
with AraC or Cycloheximide during 24 h of infection, respectively. RNA from non-
infected cells was separated in lane ni, lower part, first lane shows RNA size markers
(Sigma-Aldrich, FRG). The upper part displays the result of the hybridization with
the VP1-specific probe recognizing the approx. 1.7 kb mRNA of VP-1, showing early
expression of the VP1 gene. The lower part shows the ethidium bromide-stained
agarose gel to demonstrate comparable quality and amount of RNA loaded onto
each lane. The ribosomal 28S and 18S cell RNAs are indicated.

anti-VP1 antiserum specifically stained cells infected with the 3
different recombinant plaque-isolates, but not non-infected cells
(Fig. 1D) or cells infected with the parental virus D1701-VrV
(Fig. 1E) expressing the Escherichia. coli lacZ gene (Fig. 2F). The

correct insertion of the VP1 gene into the vegf-e gene locus was
finally proven by Southern blot hybridization with restriction
enzyme digested viral DNA isolated from each plaque virus iso-
late and radioactively labelled probes specific for the VP1 gene and
the flanking ORFV genomic regions, respectively (data not shown).

3.2. Expression of RHDV VP1 in ORFV recombinant infected cells

Protein lysates were prepared 24 and 48 h after infection (hpi)
of Vero cells with each plaque virus isolate (moi=3.0) and tested by
Western blotting for the expression of VP1. As depicted in Fig. 2, the
three plaque virus isolates expressed equally well the correct sized
VP1 of RHDV, which was recognized by the 3 different anti-VP1
antibodies. No specific reaction was found with non-infected cells
or with cells infected with parental D1701-V (Fig. 2A, lanes 1 and 5).
The plaque virus isolate 3.4.4 was finally chosen for preparing high
titre virus stocks, designated as D1701-V-VP1, and used for all fur-
ther experiments. In time course experiments the VP1 protein was
detectable by Western blotting from 4 to 6 hpi on with increasing
amounts translated at later times pi (data not shown).

Northern blot hybridization corroborated the expected early
expression of the inserted VP1 gene (Fig. 2B), due to its control
from the early ORFV vegf-e promoter. Using the VP1 gene-specific
PCR product as a radioactively labelled probe, the specific RNA of
approximately 1.7 kb in size was detected already at 2 hpi with
increasing amounts until later times pi. The VP1-specific RNA was
also found after arresting the D1701-V-VP1-infected cells in the
very early phase of gene expression by treatment with Cyclo-
heximide (Fig. 2B, CHX) or preventing viral DNA replication by
treatment with AraC (Fig. 2B, AraC).

Comparably, immunofluorescence of cells infected with D1701-
V-VP1 revealed VP1 expression at 6 hpi (Fig. 3) or in the presence of
AraC (not shown). Notably, the VP1-specific fluorescence appeared
as sharply contoured, globular staining in the cytoplasm of the
infected cells. This distinctive staining pattern was also found at
later times pi in an increasing number of cells (Fig. 3), indicating a
compact formation of the expressed VP1.

Single step growth curve experiments showed that the insertion
of the VP1 gene did not alter the in vitro growth characteristics
in the ORFV permissive Vero cells compared to the parental virus
D1701-V (Fig. 4).

3.3. Electron microscopy

The ultrathin sections of the infected cells showed all known
stages of Parapoxvirus morphogenesis including different imma-
ture and mature ORFV particles as well as typical viral factories
or viromatrix (Fig. 5A and B, vm). In addition, the infected cells
contained “electron lucent” fibrogranular cytoplasmic inclusions of
unknown composition and function (Fig. 5A and B, ib). These often
perinuclear localized structures of slightly fibrogranular appear-
ance showed a distinct labelling pattern with the different RHDV
VP1-specific antibodies in electron immune cytochemistry (Fig. 5A
and B, insets). The distribution of labelling at ultrathin sections can
explain the spot-like VP1-specific fluorescence pattern shown in
Fig. 3. These inclusion bodies containing synthesized VP1 were seen
in all examined ultrathin sections of only D-1701-V-VP1 infected
cells, but were never observed in non-infected cells or in cells
infected with wild-type ORFV. Also no specific gold-labelling was
obtained with the VP1 unrelated antibody (data not shown).

Remarkably, the presence of scattered calicivirus-like particles
(VLPs) was found only in the supernatant of infected cells, in addi-
tion to typical ORFV particles (Fig. 5C). This indicates excretion of
VLP formed by the ORFV expressed VP1 of RHDV. However, exam-
ination of the ultrathin sections of infected cells failed so far to
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Fig. 3. Immunofluorescence detection of RHDV VP1 in D1701-V-VP1 infected Vero
cells. Cells were infected with D1701-V-VP1 (moi = 1.0), fixed at the indicated hours
pi (hpi), and incubated with the VP1-specific mAb 1G8 (diluted 1:500) and Alexa-
488 coupled secondary antibody followed by F-actin staining with PhalloidinCF-647
(white) and blue staining of nuclei (DAPI) as described in Section 2. As negative
controls, non-infected (ni) cells did not show VP1-specific green fluorescence. VP1
expressed by the recombinant appeared in the cytoplasm as a distinct globular green
staining early pi (6 hpi). One picture taken at 24 hpi (2 hpi) representatively demon-
strates VP1-specific fluorescence unchanged in intensity, but found in an increasing
number of cells as compared to 6 h pi.

illustrate formation of intracellular VLP, and therefore, needs more
detailed studies.

3.4. Protection of rabbits against lethal challenge infection

Earlier studies indicated that i.m. application of ORFV recombi-
nants induced a better protective immune response compared to
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Fig. 4. Single step growth curve. Infected cells (moi=5.0) were harvested approx.
1 h after adsorption (0 h pi) and at the indicated hours pi, and total cell lysates were
titrated on Vero cells. The virus growth curve of the recombinant D1701-V-VP1
resembled that of the parental D1701-V.

intravenous immunization [37]. Therefore, we tested in 2 indepen-
dent animal experiments the protective capacity of i.m. injection of
different quantities of D1701-V-VP1 against lethal RHDV challenge
infection. The first experiment A (Table 1, Exp-A) demonstrated
that 3 immunizations given in 2 weeks intervals protected all ani-
mals using 107, 108 or 10° PFU of the ORFV recombinant. The
second experiment (Exp-B, Table 1) confirmed the results, and
moreover, showed that even a single immunization with each
dose tested mediated protection of all animals. All animals immu-
nized with the ORFV-vectored vaccine survived without any clinical
signs, similar to animals control immunized with the commercially
available inactivated RHDV vaccine RIKA-VACC. As expected, all
non-immunized rabbits died within 48 h after challenge with RHD-
specific clinical symptoms, and their livers contained high virus
titres as measured by haemagglutination test and antigen ELISA
(data not shown). All survivors tested 7 days post challenge were
negative for RHDV in both assays (data not shown).

3.5. Immune response induced by D1701-V-VP1

The induced serum antibody response was monitored with
serum samples taken from the animals listed in Table 1 at the days
of immunization (V1, V2, V3), at the day of challenge infection, and
from the protected animals one week after challenge infection. The
results of the RHDV-specific ELISA are depicted in Fig. 6. Three i.m.
immunizations led to a seroconversion of all animals independent
from the immunization dose applied, and at the day of challenge
the ELISA serum titres were similar to those induced by the com-
mercial, inactivated vaccine RIKA-VACC (Fig. 6A). Two weeks after
prime immunization weakly positive serum antibody titres were
induced by 107 or 108 PFU of the recombinant, although close to
the cut-off limit of the ELISA specificity, whereas a single appli-
cation of 10° PFU did not induce detectable serum antibodies (V2,
Fig. 6A and B). Interestingly, one week later, 3 weeks after the prime
immunization (at the day of challenge) increasingly higher positive
serum antibody titres were found using 107 or 106 PFU, but using
105 PFU still did not exhibit detectable serum antibodies (Fig. 6,
compare V2 in A or B with “Challenge” in C).

The magnitude of the serum antibody titres increased 2 weeks
after the second application with all applied doses of the ORFV
recombinant, including 10°> PFU, indicating successful booster
immunization (Fig. 6A, V3), and after the third immunization only
a slight rise in serum antibody titre was seen in all animals at the
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Fig. 5. Electron microscopy. (A and B) Ultrathin section of Vero cells 72 hpi with
D1701-V-VP1. In addition to various maturation stages of ORFV, areas resembling
inclusion bodies (ib) were only found in recombinant ORFV infected cells that were
specifically labelled with RHDV hyperimmune serum (A, bar represents: A 3.0 wm)
or with antibody 1G8 recognizing VP1 of RHDV (B, bar delineates 1.0 wm). Larger
magnifications are shown in the insets (bars representing 100 nm) to better visualize
recognition of expressed VP1 by immune EM. Electron dense viromatrix (vim) was
regularly visible. The results indicate that VP1 accumulated in condensed areas (ib)
in the recombinant ORFV-infected cells. (C) Detection of small VLPs with typical cali-
civirus morphology (see also inset for higher magnification, bar represents 100 nm)
together with mature ORFV particles by negative staining electron microscopy of
the supernatant of D1701-V-VP1 infected Vero cells; bar represents 300 nm.

day of challenge. Similarly all animals immunized twice with the
different doses had sero-converted at the day of challenge, with the
lowest serum antibody titre induced by 10° PFU of the recombinant
(Fig. 6B). One week after challenge infection, the serum antibody
titres increased only marginally, except of the rabbits immu-
nized with 10> PFU showing a more pronounced titre increase
(Fig.6B). After challenge infection, all animals immunized only once
showed a relatively strong serum antibody titre increase (Fig. 6C),
which also indicates successful boosting of the induced immune
response.

Notably, all rabbits primed with a single dose of 10° PFU,
which were sero-negative in ELISA, were nevertheless protected
against the lethal RHDV challenge infection. Therefore, protection
did not strictly correlate with the serum antibody titres. These data
prompted us to test the available sera for the presence of induced
cytokines, which might be involved in cellular immune mecha-
nisms additionally to the humoral antibody response. By cytokine
ELISA, interferon-gamma and interferon-alpha was not detectable
in sera from all D-1701-V-VP1 or RIKA-VACC immunized rabbits
before challenge infection, as also not in sera from non-immunized
rabbits. However, one week after challenge infection sera from all
immunized rabbits were positive for both interferon-gamma and
-alpha (data not shown). By contrast, interleukin-2 (IL-2) was only
found in sera of the rabbits immunized with the ORFV recombinant,
but not in sera from the RIKA-VACC or from non-immunized ani-
mals. Fig. 6D shows that a single application of increasing amounts
of D-1701-V-VP1 induced increasing amounts of serum IL-2. A sin-
gle dose of 10° PFU induced only in 3 animals increased serum IL-2
(150-5000 pg per ml serum), all animals immunized with 106 PFU
exhibited elevated amounts of serum IL-2 (150-3900 pg per ml),
and after the application of 107 PFU the sera of all animals con-
tained between 200 and 1000 up to 15,900 pg IL-2 per ml (Fig. 6D).
Two or three immunizations seemed not to induce significantly
more elevated levels of serum IL-2, but due to the availability
of only a small number of those serum samples, it needs further
confirmation.

4. Discussion

Novel efficacious vaccines against RHDV are still desirable, also
to substitute the traditional vaccine preparations from organs of
infected rabbits. Since the expressed capsid protein VP1 (VP60) of
RHDV has been protective in most cases, we decided to use this
capsid protein of RHDV for expression in the novel ORFV vector
system. The present study now demonstrates the generation of a
recombinant ORFV expressing the VP1 gene of RHDV, designated
D1701-V-VP1, that protects rabbits against high dose lethal RHDV
infection. The vast majority of the coding sequences of the VP1
gene published in GeneBank exhibits at two positions the sequence
T5NT known to act as a poxviral early transcription stop motif
[44]. Our pilot experiments indeed demonstrated that insertion of
the original VP1 gene into the ORFV genome led to truncated VP1
transcripts (data not shown). Therefore, the VP1 gene was newly
synthesized to contain silent sequence changes for removal of the
early stop motifs, but remaining the authentic amino acid sequence
of VP1. As demonstrated by immunostaining (IPMA) and Western
blot analyses, cells infected with D1701-V-VP1 correctly expressed
the RHDV VP1 protein in good quantity. As expected, the VP1 gene
was expressed early in infection due to its control by the early
vegf-e promoter [36,37].

Notably, the expressed VP1 exhibited a very distinct fluores-
cent staining of globular or spot-like shape (Fig. 3), which gives
the impression of VP1 expression mainly restricted to distinct
areas in the cytoplasm of the infected cells, and which reminds
on the synthesis of early VACV proteins like I3L in viral factories
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Fig.6. Serum antibody response induced by different dose of D1701-V-VP1.RHDV-specific serum antibodies were determined by ELISA after 3 (A), 2 (B), or 1 (C) immunizations
with 107, 108, or 10° PFU of D1701-V-VP1. V1 indicates prime immunization, V2 and V3 the booster immunizations in a 2 weeks interval, respectively. A single immunization
with the commercial, inactivated vaccine RIKA-VACC was performed at day 0, and the sera were tested 2, 4, 7 and 8 weeks later (black line). The dashed line marks the cut-off
limit of the ELISA index (0.2). (D) Amounts of IL-2 detected in individual sera of rabbits after a single immunization with 105 PFU (circles), 106 PFU (diamonds) or 107 PFU
(squares) of D-1701-V-VP1. No IL-2 was detectable in the sera of Rika-Vacc immunized or not immunized animals.

[45,46]. Examination by immune electron microscopy revealed
inclusion body-like structures of delimited shapes in the cyto-
plasm, which represent sites of VP1 synthesis as seen by the specific
labelling with the gold-conjugated VP1-specific antibodies (Fig. 5).
Due to their lower electron density, these ‘factories’ of VP1 can
be clearly distinguished from the adjacent electron-dense viral
factories or viroplasm (virus matrix) characteristic for poxviruses
[46,47]. These areas reminding on inclusion bodies represent the
major detectable sites of VP1 accumulation in the infected cell,
at least at the investigated times after infection. The particular
immunofluorescence staining pattern and the intracellular pro-
tein synthesis in inclusion bodies seems to be a property of the
RHDV VP1 protein and not of the ORFV vector, because it was
never observed with recombinants expressing other foreign viral
genes. A somewhat comparable granular or punctate fluorescence
staining of the capsid protein was reported earlier for porcine or
human calicivirus [48,49]. The sites of RHDV VP1 accumulation
seen by immune electron microscopy (Fig. 5A and B) are orga-
nized as granulofibrillar structures in the cells, which might favor

the formation of calicivirus-like particles and indeed VLPs could be
demonstrated in the culture supernatant of D-1701-V-VP1 infected
cells together with released mature ORFV particles (Fig. 5C). How-
ever, intracellular calicivirus VLP formation was not detectable in
the examined ultrathin sections. Therefore, the site of assembly of
the excreted VLP remains unclear and must be now subject of more
detailed electron microscopy studies. The results of immune elec-
tron microscopy also corroborate that the early expressed VP1 does
not become part of the ORFV replication machinery and of the mat-
uration cycle of ORFV. VP1 expression in AraC-treated infected cells
also proves early foreign gene regulation from recombinant ORFV,
which does not require ORFV replication or production of infectious
progeny as reported for other ORFV recombinants [36-38,50].

The protective potential of the new ORFV recombinant was
investigated in rabbits, and the results clearly demonstrated solid
protection of all animals after i.m. immunization with doses of D-
1701-V-VP1 ranging between 10° and 107 PFU. All animals survived
the high lethal dose of challenge virus (10,000 x LD50) without any
clinical signs, a challenge virus dose that can be assumed to exceed
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the amount of RHDV occurring in the field. One week after infec-
tion no challenge virus was detectable in the immunized rabbits.
Even animals immunized by a single administration of the lowest
dose of 10° PFU of the ORFV recombinant resisted the challenge.
This is remarkable, because much higher amounts (107-10° PFU)
of RHDV VP1 expressing VACV or Canarypoxvirus recombinants
were needed for protection after subcutaneous, intra-dermal or
oral application [15,51]. Therefore, additional studies must now
demonstrate the induction of a protective immune response after
various routes of administration of the ORFV recombinant as well
as the ultimate minimal protective dose.

As anticipated the immunization of rabbits with D-1701-V-VP1
resulted in RHDV-specific serum antibody responses depending
somewhat on the amount of recombinant ORFV injected and on
the number of applications. After two or three i.m. injections with
all tested doses of D-1701-V-VP1 (107, 108, 107 PFU) all animals had
clearly seroconverted at the day of challenge and were all protected.
This was also the case for rabbits immunized only once with 108
or 107 PFU and most interestingly even a single dose of only 10°
PFU not inducing detectable specific serum antibodies mediated
protection against challenge infection. After challenge infection all
immunized animals displayed an additional increase in serum anti-
body titres, independent from the used dose of the recombinant.
This indicates perfect priming of the animals by the ORFV recombi-
nant or by the challenge virus, which enables a fast specificimmune
response to prevent lethal RHDV infection.

The finding of protection of sero-negative, immunized rab-
bits was remarkable, because several reports indicate correlation
between protection against RHDV infection and detectability of
anti-RHDV or anti-VP1 serum antibodies [5,10,22,52,53]. Addition-
ally, the protective role of humoral RHDV-specific antibodies was
supported by adoptive serum transfer experiments [54] and by
passive immunization with monoclonal antibodies against VP1
[55]. Supporting our data, Fischer et al. [15] could not found a
clear correlation of protection with the presence and magnitude
of serum antibodies after immunization with canarypoxvirus vec-
tored RHDV VP1 vaccine. The duration of RHDV-specific serum
antibodies is suggested to indicate the presence of a protec-
tive immunity. Barcena et al. [10] demonstrated the persistence
of anti-RHDV serum antibodies for at least 8 months, however,
whether those immunized animals could resist challenge infec-
tion is unknown. Studies now have to investigate, whether also the
application of this new ORFV recombinant can achieve long-term
protection as shown earlier against Borna disease virus [37], which
perhaps could exceed the 14 weeks duration of immunity reported
for the inactivated vaccine RIKA-VACC [43].

The immunity against RHDV is poorly understood due to the
lack of cell culture systems, and any involvement of cell-mediated
immunity for protection against RHDV is completely unknown. The
fact that the inactivated vaccine RIKA-VACC is successfully used to
protect against RHDV might contradict an important role of cellular
immunity in protection. On the other hand, for human calicivirus
it was reported that also cell-mediated, T-helper cell type 1 immu-
nity is involved in protection [56]. Whether the induction of serum
IL-2 only after immunization with the live ORFV recombinant, but
not with the inactivated vaccine might indicate activation of cel-
lular immune responses remains to be proven. A major source of
IL-2 production are activated CD4-positive T-helper cells, which
supports proliferation and activation of CD8-positive cytotoxic T-
cells as well as the differentiation into memory effector cells (for
review see [57]). Recently it was shown that ORFV can modulate
antigen presenting cells and generate a strong T-helper cell type
1 response [33,58], which might explain induction of IL-2 in the
serum of the immunized rabbits. Most probably the ORFV vector is
responsible for the IL-2 induction, which however, must be shown
by immunization with the parental vector virus D1701-V. Future

studies have now to determine the origin and contribution of serum
IL-2 to a protective immunity apart from the induced humoral
immune response. In addition, the formation of calicivirus-like
VLPs needs further clarification, because of their beneficial vaccina-
tion effect and known stimulation of cellular-mediated immunity
[25,55]. Using ORFV with its immune-stimulating properties [30]
and the expression of foreign antigens as chimeric VLPs could open
another door for additional highly effective vector vaccines.

The application of D1701-V-VP1 did not lead to lesions, febrile
response or other harmful side effects even after using higher
doses of the recombinant. The overall health of rabbits remains
also unaffected after application of 10° PFU of the parental virus
D1701-V (Buettner & Rziha, unpublished data) without replica-
tion of infectious ORFV, again demonstrating the innocuousness
of the ORFV-derived recombinants. Collectively, the present study
adds another example of the successful use of this new vector
virus. Demonstrating the efficacy of ORFV - (strain D1701-V) vec-
tored vaccines against herpesvirus, against Borna disease virus,
against pestivirus, and now against calicivirus further supports
its usefulness as an universal vector virus platform with excellent
immunizing properties.
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Abstract

Previously we demonstrated the versatile utility of the Parapoxvirus Orf virus (ORFV) as a vector platform for the
development of potent recombinant vaccines. In this study we present the generation of new ORFV recombinants
expressing the hemagglutinin (HA) or nucleoprotein (NP) of the highly pathogenic avian influenza virus (HPAIV) H5N1.
Correct foreign gene expression was examined in vitro by immunofluorescence, Western blotting and flow cytometry. The
protective potential of both recombinants was evaluated in the mouse challenge model. Despite adequate expression of
NP, the recombinant D1701-V-NPh5 completely failed to protect mice from lethal challenge. However, the H5 HA-
expressing recombinant D1701-V-HAh5n mediated solid protection in a dose-dependent manner. Two intramuscular (i.m.)
injections of the HA-expressing recombinant protected all animals from lethal HPAIV infection without loss of body weight.
Notably, the immunized mice resisted cross-clade H5N1 and heterologous HIN1 (strain PR8) influenza virus challenge. In
vivo antibody-mediated depletion of CD4-positive and/or CD8-posititve T-cell subpopulations during immunization and/or
challenge infection implicated the relevance of CD4-positive T-cells for induction of protective immunity by D1701-V-
HAh5n, whereas the absence of CD8-positive T-cells did not significantly influence protection. In summary, this study
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validates the potential of the ORFV vectored vaccines also to combat HPAIV.
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Introduction

Influenza A virus is a member of the Orthomyxoviridae and can
infect numerous hosts, including aquatic birds, poultry, swine and
humans (for review [1]). Its negative-sense, single-stranded RNA
genome is composed of eight gene segments encoding the viral
proteins. The genetic variation of the surface glycoproteins
hemagglutinin (HA) and neuraminidase (NA) is the basis for
further subtyping influenza A viruses in H1 to H16 and N1-INO,
respectively [2], and a novel subtype H17N10 has recently been
detected in bats [3,4]. Cross-species transmission of influenza
viruses to humans has been documented frequently, and in 2009
the new HINI influenza A virus (pHINI) resulted from
recombination of gene segments from human, swine and avian
influenza A virus causing a new pandemic human flu [5]. The
highly pathogenic avian influenza virus (HPAIV) H5NI1 has
caused outbreaks in wild birds and poultry leading to severe,
fatal disease [6], and transmission from birds to humans was
reported [1,7]. The World Health Organization registers approx-
imately 600 confirmed human H5NI virus infections, approxi-
mately 60% resulting in death (WHO, August 2013; http://www.
who.int/influenza/human_animal_interface/EN_GIP_20130829
CumulativeNumberH5N1cases.pdf). Thus, serious concerns exist
about the emergence of a pandemic H5NI strain transmissible
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between humans. The trimeric HA is an important viral factor
determining virulence, host tropism and transmission of influenza
A virus [8,9,10,11]. For entering the host cell the HAO precursor
form of the trimeric HA must be proteolytically cleaved into HAI,
which binds to sialic acid-containing host cell receptors, and into
HAZ2, which mediates membrane fusion. This cleavage site differs
amongst HA subtypes, which in part, can determine the degree of
virulence (for review [12]). Influenza virus infections can be
effectively controlled and prevented by vaccination. Currently,
inactivated vaccines are produced according to the HA and NA
subtypes of circulating virus strains. Virus-neutralizing and
receptor-blocking antibodies directed against HA1, the globular
head of HA, can mediate sterilizing immunity provided that they
have the proper strain-specificity. However, the rapid mutation
rate of NA and of HAI can impede the production of effective
vaccines matching currently circulating virus types. Therefore,
several attempts are reported for the generation of effective, more
universal influenza virus vaccines (reviewed in [13]). Plasmid DNA
vaccines expressing consensus sequences of HA and NA mounted
cross-reactive cellular and humoral immune responses [14,15] and
were able to protect mice against divergent H5N1 strains [16].
Other approaches comprise the development of headless con-
structs, also to limit the suggested immunodominance of the
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globular head of HA [17]. Recent reports on the construction of
various chimeric head and stalk HA proteins or functional
influenza viruses expressing those chimeras offer another strategy
for cross-protecting vaccines [18,19].

Besides the humoral immune response against Influenza virus,
T-cells that either eliminate infected cells or help B-cells to mount
a more rapid and efficient neutralizing antibody response are also
important to relieve the disease [20]. Especially cytolytic and
cytokine-secreting T-cells directed to conserved influenza virus
proteins, like the nucleoprotein (NP) or matrix protein (M1), can
represent effectors in protective immunity [21,22,23] and are
considered another promising approach for the development of
more universal influenza vaccines [24,25,26]. HA epitopes, which
are recognized by virus-specific human and mouse CD8-positive
cytolytic T-cells, have also been identified (reviewed in [27]). The
role of additional viral targets in adaptive, protective immunity
against influenza A virus has recently been reviewed comprehen-
sively [28,29].

Various strategies are pursued to develop improved, safe,
effective and cross-protecting vaccines not only against H5NI
strains but also against different influenza A virus subtypes. Those
approaches comprise the generation of baculovirus-based multi-
valent vaccines [30] or self-assembling viral-like particles [31,32],
or DNA vaccines preferentially now in prime boost combinations
with e.g. adenovirus recombinants [13]. The efficient and fast
technology of reverse genetics allows the safe and effective creation
of recombinant or attenuated influenza viruses with almost every
desired gene alteration and constellation (reviewed in [33]).
Moreover, attenuated influenza virus designed by a synthetic
engineering approach to recode and synthesize the viral genome
induced protective immunity in mice [34]. Finally, very recently
the successtul vaccination with optimized mRINA of HA, NA, and
NP was reported, which stimulated T- and B-cell dependent
protection against influenza A HIN1, H3N2 and H5NI1 viruses
[35]. Poxvirus-vectored vaccines are attractive due to the
possibility for inserting multiple antigens by established methods,
and their potential of rapid stimulation of good humoral and cell-
mediated immune responses also mediating protection against e.g.
HPAIV challenge infection [36,37,38,39]. For safety reasons
attenuated or replication-deficient poxviral vectors have been
developed and used to mount protective immune responses against
different influenza A virus subtypes [40,41].

The Oif Virus (ORFV) from the genus Parapoxviridae (PPV)
represents a promising candidate for novel vectored vaccines
[42,43,44,45,46,47,48,49]. ORFV has a very restricted host range
i viwo and in vitro, a restricted skin tropism and an absence of
systemic infection [50]. Ideal vector vaccine properties are the
short-lived ORFV vector-specific immunity allowing repeated
immunizations, and still not entirely understood immunomodu-
lating properties, which lead to the induction of strong innate and
adaptive Th1-Th2 balanced immune responses [44,45,50,51].
The inserted foreign genes are regulated by an early ORFV
promoter, which results in the induction of foreign antigen-specific
immunity without the need of replication and multiplication of
mature, infectious ORFV.

The present study describes the generation of new ORIV
recombinants expressing the HPAIV genes H5 HA (D1701-V-
HAh5n) or H5 NP (D1701-V-NPh5). After demonstrating proper
expression of the inserted HPAIV genes, the protective potential of
both recombinants was investigated by challenge infection of mice.
Whereas the HA-expressing recombinant was able to protect all
mice against lethal H5N1 virus challenge, the NP-expressing
recombinant failed to mount protective immunity. Intramuscular
(im.) immunization with D1701-V-HAh5Sn mediated cross-clade
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(H5N1 clades 1, 2.2.2, and 2.2.3) and heterosubtypic (HINI)
protection in different mouse strains. In viwo T-cell depletion
experiments and a dose dependent increase of H5 HA-specific
antibodies indicated that both arms of the immune response seem
to be essential for protection after immunization with the HA-
expressing ORFV recombinant.

Materials and Methods

Ethics statement

All animal studies were reviewed and approved by the local
authorities (Regional council of Tuebingen) and were carried out
in strict accordance with the regulations of the German animal
welfare law set forth by this authority (permit number FLI 250/
10).

Cells and viruses

Propagation and titration of ORFV in Vero cells has been
described earlier [44]. The highly pathogenic H5NI1 avian
influenza A viruses (HPAIV) A/Mallard/Bavaria/1/2006 (MBI,
clade 2.2.1), A/mute swan/Germany/R1349/07 (SN1, clade
2.2.3), and the HIN1 human influenza A virus A/Puerto Rico/8/
34 (PR8) were kindly provided by O. Planz (Univ. Tiibingen, Dep.
Immunology) and L. Stitz (Friedrich-Loeffler-Institut, Germany).
The HPAIV were propagated and titrated as described [20]. For
inactivation, the MB1 virus was incubated with 0.02% formalin at
4°C for three days and then stored at —20°C.

Generation and selection of new ORFV recombinants

The HA coding sequence of H5N1 influenza A strain Vietnam/
1203/2004 (Acc. no. AY818135) and the NP coding sequence of
strain MBI (Acc. no. DQ792924) were chemically synthesized by
GeneArt (Regensburg, Germany) changing poxviral early tran-
script stop motifs (I'TTTTCT) by silent mutations from codon
TTT to TTC. In addition, new restriction sites were added to the
5" and 3’ ends of both genes allowing to clone the HA gene as a
HindIII — BamHI fragment and the NP gene as a Kpnl — EcoRI
fragment into plasmid pdV-Recl [44]. Correct insertion of the
ALV genes into the obtained transfer plasmids pdV-HAh5n3 and
pdV-NPhdn were tested by DNA-sequencing and restriction
enzyme analysis (data not shown). Electroporation of Lac{ positive
ORFV D1701-VrV-infected Vero cells (moi 0.1-0.2) with 2 pg
pdV-HAh5n3 DNA or pdV-NPhdn DNA, respectively, and
selection of the new ORFV recombinants was described recently
[46]. Single plaque PCR was used to screen virus progeny positive
for the HA or the NP gene and negative for the Lac{ gene of the
parental virus D1701-VrV. Oligonucleotides used as PCR primers
were purchased from Metabion (Martinsried, Germany). H5> HA-
specific amplification (459 bp) was achieved with 3.8 pmol primer
HAS5Fn 5'-GTG AGC AGC GCA TGT CCT TAC CAG-3’ and
3.8 pmol primer HA5-Rnn 5'-CTC CCA TAG GGG TCT GGC
ACT TTG-3', NP-specific amplification (452 bp) with 4 pmol
primer NP5-F 5'-GGA GGA TTT GGC GTC AAG CGA AC-3'
and 3.8 pmol primer NP5-R 5'-CTC TCA GGA TGA GTG
CAG ACC TTG-3'. The PCR reactions contained 2X Reddy mix
(ABgene, Fisher Scientific, Germany) and were denatured at 98°C
for 2 minutes followed by 35 cycles at 96°C (1 min), annealing
(30 sec) at 66°C for HA or 70°C for NP, and extension at 72°C
(30 sec) in a T3-Thermocycler (Biometra, Germany). The
amplification of the Lac{ gene fragment was performed as
described [46]. PCR amplicons were detected by electrophoresis
using 0.8 % (w/v) agarose-cthidium bromide gels.
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Antibodies

Specific detection of H5 HA was accomplished with the mouse
monoclonal antibody (mAb) 15A3 (Rockland, USA) and the
polyclonal rabbit LGL antiserum (kindly provided by M. Biittner,
Bavarian Health and Food Safety Authority, Oberschleissheim,
Germany). The mouse mAb 2442 (Abnova, Germany) was used
for specific recognition of the NP protein. The mAb 4D9 [52]
allowed detection of the ORFV major envelope protein (F1L), the
B-actin specific antibody was purchased from Sigma-Aldrich
(Germany). Goat anti-mouse Alexa Fluor 488-conjugated (Fisher
Scientific, Invitrogen, Germany), horseradish peroxidase-conju-
gated anti-rabbit and anti-mouse IgG (Dianova, Germany) and
goat anti-mouse fluorescein isothiocyanate (FITC)-conjugated
antibody (Dianova, Germany) were used as second antibodies.

Western blot analysis

Non-infected or infected Vero cells were suspended in 1% (v/v)
Triton-X100 (Sigma-Aldrich, Germany) in PBS and incubated for
30 minutes at 4°C. Western blot analysis was performed as
described [46]. Protein concentration of the lysates was deter-
mined using Pierce BCA Protein Assay kit (Thermo Fisher
Scientific, Germany) according to the recommendation of the
manufacturer. Afterwards, the lysates were adjusted to equal
protein concentrations. The antibodies were diluted in 1X
RotiBlock (Roth, Germany) and the substrate Immobilion
Western HRP (Millipore, Germany) was used for enhanced
chemiluminescence (ECL). X-ray films for ECL were purchased
from Pierce (Thermo Fisher Scientific, Germany).

Immune peroxidase monolayer assay (IPMA)

Expression of inserted HA and NP genes in recombinant-
infected cells was demonstrated by IPMA exactly as described [42]
using HRP substrate (Vector NovaRED, USA).

Immunofluorescence

Vero cells infected with the ORFV recombinants were grown in
chamber slides (BD Biosciences, Germany), fixed with 2% (v/v)
methanol-free formaldehyde (Pierce, Thermo Fisher Scientific,
Germany) in PBS and permeabilized with 0.2% Triton-X100
(Sigma, Germany) as reported [46]. Microscopy was performed
with ApoTome confocal fluorescence microscope (Axiovert
200 M; Zeiss, Germany) and AxioVision Rel. 4.8 software (Zeiss).

Flow cytometry

Vero cells were harvested by trypsinization and washed once
with FACS buffer (10% v/v foetal bovine serum, 0.1% v/v sodium
azide in PBS). Approximately 10° cells were stained with H5 HA-
specific primary antibody mAb15A3 for 30 minutes at 4°C. After
three times washing the cells were stained in the dark with FITC-
conjugated secondary antibody for another 30 minutes at 4°C. To
exclude nonviable cells staining with 7-AAD (7-Amino-Actinomy-
cin D; BD Bioscience, Germany) was performed 10 minutes prior
to flow cytometry with FACSCalibur (BD Bioscience, Germany)
and CellQuest Pro (BD Bioscience, Germany). Gates were set for
viable cells negative for 7-AAD.

Vaccination of mice and Influenza A virus challenge
BALB/c and C57BL/6 mice at the age of 8-12 weeks were
obtained from the animal breeding facility of the Friedrich-
Loeffler-Institut (Germany). Mice were instilled intranasally (i.n.)
under anaesthesia [20] using 50 pl of the indicated mouse 50%
lethal dose (MLD50) of HPAIV. For BALB/c mice 1x MLD50
corresponded to 7x10" plaque-forming units (pfu) of strain MBI,
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Table 1. Monitoring the success of T-cell depletion.

Days ® CD4-positive T-cells (%) CD8-positive T-cells (%)
2 0.20 (n=4: 0.00-0.80) 0.03 (n=5: 0.00-0.07)
6 0.15 (n=4: 0.00-0.39) 0.03 (n=5: 0.00-0.08)
9 0.06 (n=4: 0.01-0.06) 0.01 (n=5: 0.00-0.04)
14 1.55 (n=4: 0.34-3.10) 0.22 (n=5: 0.06-0.45)

¥Days after second antibody treatment.

®)Mean percentage; number of animals (n) and range of percentage is given in
parenthesis.

doi:10.1371/journal.pone.0083802.t001

2x10" pfu of strain SN1 and 1x10* pfu of strain PR8. For
C57BL/6 mice 2x10° pfu of strain MBI, 1.4x10° pfu of strain
PR8 matched to 1 x MLD50. Weight loss and survival of infected
mice was daily monitored during 14 days after challenge infection.
According to the German animal-protection law, animals that lost
approximately 25% of their body weight were sacrificed,
documented as dead, and thereafter excluded from calculation
of the body weight graph. The challenge experiments were
performed under BSL3 conditions at the Friedrich-Loeffler-
Institut, Tibingen (Germany).

In vivo depletion of T-cell subpopulations

Monoclonal antibodies directed against murine CD4 (mAB
YTS 191.1) or CD8 (mAB YTS 169.4) [53] were kindly provided
by L. Stitz, (Friedrich-Loeffler-Institut, Germany) and used for
depletion of T-cell subsets as described recently [42]. The 1:25
diluted mAbs were administered intraperitoneally, and 0.2 ml of
each mAb was applied per mouse or 0.4 ml of an equal mixture of
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Figure 1. Single step growth curve. Comparison of the in vitro
growth characteristics of D1701-V-HAh5n, D1701-V-NPh5 and parental
D1701-V. Vero cells were infected with moi 5.0 and total cell lysates
were taken for virus titration at the indicated hours post infection (hpi).
The results demonstrate very similar growth kinetics of both ORFV
recombinants and the parental D1701-V.
doi:10.1371/journal.pone.0083802.g001
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Figure 2. AIV gene expression of D1701-V-HAh5n and D1701-V-NPh5. (A) Expression of HA and NP in ORFV recombinant-infected cells
demonstrated by IPMA (panel a-c) and by immunofluorescence (panel d-f). Vero cells were infected with D1701-V-HAh5n (panel a and d), D1701-V-
NPh5 (panel b and e) or non-infected (panel c and f). Three days post infection transgene expression (brown) is detected with the HA-specific, 1:250
diluted LGL antiserum (panel a, magnification x40) and with the NP-specific, 1: 500 diluted mAb 2442 (panel b, magnification x20), whereas non-
infected cells (panel ¢, magnification x40) remained unstained. HA-specific immunofluorescence (green) is shown 24 hpi with the 1:250 diluted mAb
15A3 (panel d), and nuclear NP expression with the 1:1,000 diluted mAb 2442 (panel e). Non-infected cells as negative control are depicted in panel f.
The cell nuclei are DAPI-stained (blue) and the actin cell skeleton is stained by Phalloidin-CF647 (white). (B) Cell surface expression of H5 HA was
quantified by flow cytometry. Vero cells were harvested 5 hours (5 hpi) and 48 hours (48 hpi) after D1701-V-HAh5n infection (moi 1.0) and stained
with mAb 15A3. The histograms show the cell number (ordinate) plotted against the fluorescence intensity (abscissa) gated for 7-AAD negative,
viable cells. HA-positive cells are gated in M2, negative cells in M1. Distinct H5 HA cell surface expression was demonstrable already 5 hpi increasing
with later times after infection.

doi:10.1371/journal.pone.0083802.9002

both mAb for the simultaneous depletion of CD4- and CD8-
positive T-cells. The timeline of the injections of mAb is detailed in
the Results part. Efficacy of depletion and kinetic of T-cell
repopulation was monitored by flow cytometry in a preliminary
experiment. Blood was taken from the retro-orbital plexus 2, 6, 9,
and 14 days after antibody-treatment at days —2 and 0. The gated
lymphocytes were used for double-staining with PE- or FITC-
labelled CD3- and CD4- or CD3- and CD8-specific antibodies
(BD Biosciences, Germany). Non-depleted mice contained on the
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average approximately 30 % CD-4 positive T-cells (n =4: 20.6%—
33.5%) and 5 % CD-8 positive T-cells (n=4: 3.8%-5.9%),
respectively. After antibody treatment more than 99% of each T-
cell subpopulation remained absent for at least 9 days, before T-
cell repopulation started (Table 1), similarly as reported earlier
[63,54].

The mice (BALB/c; n=8) were i.m. immunized twice (14 days
interval) with 107 pfu of the recombinant D1701-V-HAh5n.
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Figure 3. Western Blot analysis for the detection of HA and NP.
Cell lysates were harvested at indicated hours post infection (hpi) with
(A, C) D1701-V-HAh5n (moi 3.0) or (B, D) D1701-V-NPh5 (moi 1.0). As
controls non-infected cells (lanes ni) or parental D1701-V- (moi 1.0)
infected cells (lanes V) were tested at 24 hpi. (A) H5 HA was detected
with the specific mAb 15A3 (diluted 1:5,000), (B) NP was detected with
specific mAb 2442 (diluted 1:2,000). (C) The mAb 4D9 (diluted 1:800)
was used to detect the ORFV major envelope protein F1L expressed at
late times pi. (D) Beta-actin was demonstrated as loading control. The
apparent mol. wt. of the specific proteins is indicated in kilodalton
(kDa).

doi:10.1371/journal.pone.0083802.9003

Fourteen days after last vaccination the i.n. challenge infection was
performed with 20x MLDs, HPAIV MBI.

Hemagglutination inhibition (HI) test

HI test was performed according to the OIE (World Organi-
zation for Animal health) instruction manual (Manual of
diagnostic tests and Vaccines for terrestrial animals, 5% edition,
2004) in 96-well microtiter plates (Greiner bio-one, Germany)
using 25 pl 1% (v/v) suspension of chicken red blood cells in PBS.
Twenty-five pl of two-fold dilutions of heat-inactivated (30 min,
56°C) sera were incubated for 40 min at RT with 4 hemagglu-
tination units (HAU) of formalin-inactivated H5N1 MBI virus.
The HI titre was defined as the reciprocal of the highest serum
dilution inhibiting hemagglutination.

Results

Generation of the new ORFV recombinants

The transfer plasmids containing the H5 HA gene (pdV-
HAQ5n3) or the NP gene (pdV-NPh5n) were used for electropo-
ration of Vero cells infected with D1701-VrV, which expresses the
LacZ gene and enables the blue-white selection as described
[44,46]. New white ORFV recombinants were selected by PCR as
described in Material and Methods. Single plaque virus isolates of
D1701-V-HAhSn and D1701-V-NPh5 were subject to five and
four additional rounds of plaque purification, respectively, to
obtain genetically homogeneous new ORFV recombinants. Single
step growth curve experiments demonstrated that the insertion of
the H5 HA or NP gene had no influence on the i vitro growth
characteristics of both ORFV recombinants compared to the
parental ORFV D1701-V (Fig. 1). Transgene expression of the
virus plaque isolates was tested by IPMA. As shown in Figure 2A
(panel a—c) expression of the H5> HA and NP transgene in ORFV
recombinant-infected cells was demonstrable by specific brown
immune staining (Fig. 2A, panel a, b), but not in non-infected cells
(Fig. 2A, panel c) or in cells infected with the parental D1701-VrV
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(data not shown). Correct insertion of the HA or NP gene into the
vegf-¢ gene locus of D1701-V was verified by PCR and Southern
blot hybridization of recombinant virus DNA (data not shown).

Expression of the H5 HA and NP gene

Indirect immunofluorescence assays demonstrated expression of
H5 HA and NP gene in recombinant virus-infected cells (Fig. 2A).
As expected, the NP gene was expressed in the nuclei of D1701-V-
NPhbn-infected cells (Fig. 2A, panel e), whereas non-infected
(Fig. 2A, panel f) or parental virus-infected Vero cells (data not
shown) remained negative. Cell surface expression of H5> HA was
further demonstrated by flow cytometry of D1701-V-HAhbn-
infected Vero cells. Already five hours after infection (hpi) 68.5%
of the infected cells expressed the H5 HA on the cell surface
increasing to 93.6% at 48 hpi (Fig. 2B).

Expression of the inserted influenza A virus HA and NP gene
was also inspected by Western blot analysis at different times after
infection of Vero cells with D1701-V-HAh5n or D1701-V-NPh5.
Using mAb 15A3 the expression of the H5 HA was detectable
from 4 hpi onwards with increasing amounts at later times after
infection (Fig. 3A). At all tested time points after infection the
precursor protein HAO was recognized as a double band migrating
with a mol. wt. of approximately 80 kDa as well as the subunit
HAT1 (55 kDa). The subunit HA2 is not recognized by the used
antibody. Non-infected (ni) cells and cells infected with parental
D1701-V (V) remained negative. The NP protein (56 kDa) was
demonstrable with mAb 2242 by Western blot analysis (Fig. 3B).
In the presented experiment, protein lysates were obtained from
cells infected with a lower moi (1.0) of D1701-V-NPh5 in contrast
to the D1701-V-HAhSn lysates (moi=3.0), which explains the
weaker NP expression compared to HA. In addition, early NP
expression could be unequivocally proven by Northern blot
analysis (data not shown). The late ORFV major envelope protein
F1L (39 kDa) was recognized beyond 12 hpi with the mAb 4D9,
which reflected multiplication of the ORFV recombinants in Vero
cells (Fig. 3C). Nearly comparable protein loading was verified by
detection of cellular B-actin (Fig. 3D).

Protection of mice from challenge with divergent H5N1
strains

The protective potential of the new ORFV recombinants was
evaluated first in C57BL/6 mice after i.m. immunization with
different doses followed by i.n. challenge infection with strain MB1
(20x MLD50). A single immunization with 1x10° pfu of D1701-
V-HAhSn was not able to mediate proper protection against the
MBI challenge infection. Except of 2 mice, all animals suffered
from severe disease and 6 out of the 12 mice had to be euthanized
at days 6 to 8 after challenge (Fig. 4A). The surviving mice
gradually lost body weight 2 to 4 days after challenge (Fig. 4B),
individually ranging from 8% to 15%, and one animal lost 24% of
weight. Thereafter all survivors recovered and regained their body
weight (Fig. 4B). A booster immunization with 10° pfu improved
protection rate to 89% survival, 8 out of 9 mice survived the
challenge (Fig. 4A). One survivor suffered from severe illness
associated with 24% weight loss before recovering, whereas the
body weight loss of the other 7 mice ranged only from 8% to 17%
around 3 days after challenge (Fig. 4B, mean 12%). Increasing the
immunization dosage of D1701-V-HAh5n to 1 x10° pfu, again as
a single application mediated only partial protection from
challenge (Fig. 4C) and from body weight loss (Fig. 4D). The 4
surviving animals experienced weight loss of 7%, 11%, 21%, and
24%, respectively, before recovering beyond day 4 (Fig. 4D). Two
immunizations with 1x10° pfu, however, conferred complete
protection from lethal challenge (Fig. 4G and 4D). Only 3 mice
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lost 11% body weight, whereas the other mice sustained their body
weight and remained healthy.

The administration of 107 pfu of D1701-V-HAh5n clearly
improved the generation of protective immunity against 20X
MLD50 MBI challenge. Single vaccination with that immuniza-
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tion dosage was sufficient to mediate 100% survival (Fig. 4E). At
day 3 after challenge a mean body weight loss of 18% was
observed (individually ranging from 14% to 23%), but thereafter
all mice fully recovered and regained their body weight (Fig. 4F).
All C57BL/6 mice recciving 2 doses of 1x107 pfu of that
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Figure 4. Protective efficacy of D1701-V-HAh5n in C57BL/6 mice. Survival rates (A, C, E) and mean body weight changes (B, D, F) of C57BL/6
mice i.m. immunized once (1X) or twice (2X) with the indicated pfu of D1701-V-HAh5n. The mice were monitored during 14 days after i.n. challenge
infection with 20x MLD50 of H5N1 strain MB1. As controls mice were immunized two times with 107 pfu of parental ORFV D1701-VrV (E, F) or were
non-immunized (ni). SEM is shown by bars, n indicates the total number of mice in each group. Mice exhibiting more than 25% loss of body weight

were sacrificed according to the German animal protection law.
doi:10.1371/journal.pone.0083802.g004
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Figure 5. Protection of BALB/c mice from cross-clade HPAIV challenge infection. Survival rates (A, C) and body weight changes (B, D) of
BALB/c mice after i.n. challenge with 20 x MLD50 of H5N1 strain MB1 (A, B) or SN1 (C, D). Single (1X) or booster (2X) i.m. immunization was performed
with 10° pfu or 107 pfu D1701-V-HAh5n and mice were monitored during 14 days after challenge infection. Mean percentage of body weight change
is shown (bars indicate SEM), and n indicates the number of mice per group. After approximately 25% loss of body weight mice were sacrificed

according to the German animal protection law.
doi:10.1371/journal.pone.0083802.9005

recombinant survived the challenge (Fig. 4E) and stayed healthy
(Fig. 4F). Only 2 animals exhibited a transient weight loss of 17%
until day 3 before also retrieving their original body weight.
Control mice receiving 2 injections of 107 pfu of the parental
ORFV D1701-VrV were not protected against the MB1 challenge
infection. Onset of disease and loss of body weight were similar to
non-immunized animals, and the mice had to be euthanized 4
days after challenge (Fig. 4E and F).

The NP gene expressing recombinant D1701-V-NPh5 did not
confer protection from lethal challenge or prevent morbidity after
infection with 20x MLD50 MBI1. Groups of mice (C57BL/6,
n=10) were i.m. immunized once or twice and neither 10° nor
107 pfu of D1701-V-NPh5n were able to protect. All animals
became diseased and had to be sacrificed during days 4 to 6 after
challenge, likewise the non-immunized or parental D1701-VrV
vaccinated control animals. Also three doses of 5x10° pfu did not
confer protection against challenge infection (data not shown).

The protective potential of D1701-V-HAhbn was also tested in
BALB/c mice, which are approximately 30-fold more susceptible
to MBI challenge as compared to C57BL/6 mice (see Material
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and Methods). Two im. applications of either 1x10° or
1x107 pfu also elicited complete protection against 20 x MLD30
of strain MBI1. All immunized animals survived the lethal
challenge without body weight loss or any sign of disease, in
contrast to all non-immunized mice (Fig. 5A and B). As for
C57BL/6 mice again vaccination with D1701-V-HAhbn, express-
ing H5 HA from a clade 1 HPAIV (A/Vietnam/1203/2004),
could protect from a cross-clade challenge infection with HPAIV
strain MB1 (clade 2.2.1). Finally we found protection of mice from
challenge with 20 x MLD50 HPAIV strain SN1, which belongs to
influenza A virus clade 2.2.3. As depicted in Figure 5C, 9 out of 10
BALB/c mice survived the challenge infection after a single
administration of 107 pfu D1701-V-HAh3n, and all animals
immunized twice survived the challenge. Both groups of mice
did not show loss of body weight (Fig. 5D) and the non-immunized
mice had to be sacrificed within 8 days after challenge infection.

Protection from challenge with HIN1 strain PR8

After demonstrating the induction of protective immunity
against HPAIV HO5NI strains of clade 2, we tested the potential
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Figure 6. Protection against heterologous influenza A virus H1N1. Survival rates (A, C) and average body weight loss (B, D) of BALB/c (A, B)
or C57BL/6 (C, D) mice i.m. immunized twice (2X) with 107 pfu D1701-V-HAh5n. The percentage of body weight (bars indicate SEM) was monitored
during 14 days after i.n. challenge infection with 50x MLD50 (A, B) or 20 x MLD50 (C, D) of H1N1 strain PR8. Mice suffering from more than 25% body
weight loss were sacrificed. Control non-immunized mice (ni) are shown, n indicates the number of mice per group.

doi:10.1371/journal.pone.0083802.g006

of the recombinant D1701-V-HAhbn to protect mice against
heterologous HINI influenza A virus. BALB/c and C57BL/6
mice were i.m. immunized once or twice with 107 pfu of D1701-
V-HAh5n followed by i.n. challenge infection with lethal doses of
the HINI strain PR8. Whereas a single immunization was not
sufficient to protect BALB/c mice (data not shown), after two
vaccinations all BALB/c mice survived the challenge using 50 x
MLD50 (Fig. 6A). Transient, slight loss of body weight ranging
from 5% to 17% was observed with 6 out of the 10 mice followed
by complete recovery during days 7 to 10 (Fig. 6B). On the
contrary, 2 out of the 10 double-immunized C57BL/6 mice were
not protected from the 20 x MLD50 PR8 challenge (Fig. 6C). Six
out of the 8 survivors exhibited weight losses at days 6 to 9
(individually ranging from 8% to 22%) before completely
recovering (Fig. 6D). In contrast to H5N1 strain MB1 (Fig. 4),
the peak of disease was delayed by 4-5 days after challenge
infection with HIN1 strain PR8 (Fig. 6). The most pronounced
body weight loss was found around day 6-7 (BALB/c mice) or day
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7-8 (C57BL/6 mice) after PR8 challenge, but at day 3 after MB1
challenge.

Taken together, two immunizations with the H5 HA-expressing
ORFV recombinant mediated potent protection of BALB/c or
C57BL/6 mice against cross-clade strains MB1 or SNI, and
against the human HINT strain PR8.

HA-specific serum antibody response

The immune response stimulated by D1701-V-HAh5n immu-
nization of C57BL/6 mice was determined by HI tests as
described in Material and Methods. Figure 7 exemplary demonstrates
the HI titres obtained by the i.m. application of 107 pfu of D1701-
V-HAh5n. One week after prime immunization relevant HA-
specific antibodies were detectable in the serum of only one out of
10 mice, but one week after booster immunization all animals
except of one had seroconverted (Fig. 7, week 3). The titres of the
individual sera ranged between 1:32 and 1:512 resulting in a mean
titre of 1:144. Thereafter, only a slight decline to a mean titre of
1:74 was found just before challenge infection (Fig. 7, Ch). Very

December 2013 | Volume 8 | Issue 12 | e83802



5121 o
256 o
1284 ooo T TTT]
64
o oooo T
s 324
=
-
I 164 o T
84
4
2-
0 - —eeeegeeee T T "
1 2 3 4
* ’ Weeks *
V1 V2 Ch

Figure 7. HA-specific serum antibody response. H5 HA-specific
serum antibody response of mice elicited after i.m. immunization with
107 pfu of D1701-V-HAh5n. The hemagglutination inhibition (HI) titers
(reciprocal log2) of individual mice were determined 1 week after prime
immunization (V1), after booster immunization (V2), and at the day of
challenge infection (Ch). Sera from control mice immunized twice with
107 pfu of D1701-VrV (VrV) displayed unspecific HI titers of 1:16. The
lines denote the mean titers calculated from the individual sera.
doi:10.1371/journal.pone.0083802.9g007

similar HI titres were also found after applying 10° pfu of D1701-
V-HAh5n (data not shown), whereas after immunization with
10° pfu no specific immune response could be detected. Sera from
non-immunized mice (data not shown) or control mice immunized
twice with 107 pfu of the parental virus D1701-VrV exhibited
unspecific HI titres of 1:16 (Fig. 7, VrV). In summary, the
stimulation of a distinct cross-clade HA serum antibody response
needed two immunizations with 10° or 107 pfu of D1701-V-
HA5n.

Importance of T-cell subsets in D1701-V-HAh5n-
immunized mice

To examine the relevance of T-cells for the D1701-V-HAh5n
mediated immunity the CD4-positive and/or CD8-positive T-cell
subsets of BALB/c mice were depleted i vivo. Flow cytometry
ensured successful depletion of the T-cells (data not shown). The
T-cell populations were removed as described in Materials and
Methods and depicted in Figure 8, panels c. At first we examined
the relevance of T-cells present during H5N1 challenge infection
(Fig. 8A, Depletion-A, panel c). In this situation the lack of CD4-
and/or of CD8-positive T-cells had no influence on the protective
immunity generated by D1701-V-HAhSn. All animals of the 3
groups survived without body weight loss (Fig. 8A, panel a and b).

Next, we analysed the importance of the T-cell subsets for
priming the protective anti-HA response (Fig. 8B, depletion-B).
After eliminating CD4- or CD8-positive T-cells all immunized
mice survived the challenge infection, and after simultaneous
removal of both T-cell subsets still 7 out of 8 mice resisted the
challenge (Fig. 8B, panel a). All challenged animals depleted for
CD8-positive T-cells during immunization retained their body
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weight (Fig. 8B, panel b). The lack of CD4-positive T-cells during
prime immunization resulted in slight decrease of body weight,
ranging from 8% to 18%, during days 3-5 after challenge (Iig. 8B,
panel b). Thereafter all animals recovered and regained their
original body weight (Fig. 8B, panel b). A similar effect was
observed after removing both CD4- and CD8-positive T-cells.
Five out of the 7 surviving mice showed weight losses ranging from
9% to 21% around days 4-5 after challenge (Fig. 8B, panel b).
Finally, we tested the effect of the absence of CD4- and/or
CD8-positive cells during immunization and challenge infection
(Fig. 8C, Depletion-C, panel c). Again, all mice missing only CD8-
positive T-cells survived the lethal challenge without loss of body
weight (Fig. 8C, panel a, b). After depletion of CD4-positive cells 7
out of 8 immunized mice survived the challenge, one animal
exhibited 23% weight loss, the three other mice lost weight
between 11% and 14% at days 4 and 5 after challenge (Fig. 8C).
Two out of 8 mice did not survive challenge infection after
combined removal of CD4- and CD8-positive T-cells (Fig. 8C,
panel a). Four mice lost 17% to 22% of body weight at day 6 after
challenge before completely recovering (Fig. 8C, panel b).
Collectively, the presented results implicate the importance of
CD4-positive T-cells for eliciting a robust, protective immunity in
mice by the use of the new H5 HA-expressing ORFV

recombinant.

Discussion

In previous studies we demonstrated the utility of recombinant
ORFV vectored vaccines [42,43,44,45,46]. Here we describe the
generation and evaluation of two new ORFV recombinants,
which express the H5 HA gene or the NP gene of HSN1 HPAIV.
Both AIV genes were expressed under the control of the early
promoter of the ORFV vegf-e gene, which allows expression of the
inserted genes without the need of recombinant virus multiplica-
tion as also reported for other ORFV recombinants [42,44]. In the
ORFV-permissive Vero cell line both recombinants demonstrate
comparable virus growth kinetics to each other and also to the
parental virus D1701-V used for recombinant virus generation.
Western blot and immunofluorescence analyses demonstrated
correct expression of both genes including the cleavage of the HA
precursor protein HAO. The H5 HA was also demonstrable on the
surface of the ORFV recombinant infected cells, and the NP
protein was expressed in the cell nucleus. HA and NP genes were
chosen because both are of importance for the induction of a
protective immune response. The crucial role of HA-specific virus-
neutralizing antibodies for protection has been manifold docu-
mented. We used the H5 HA from influenza strain A/Vietnam/
1203/ 2004, because most H5N1 vaccines based on the HA from
the highly virulent human isolates of this Vietham strain confer
solid protection against H5N1 strains [38]. The contribution of the
conserved NP antigen to protection is mainly attributed to the
activation of cellular immune responses including the induction of
specific cytolytic T-cells [23,55,56]. Additionally, it was reported
that NP-specific antibodies can exert potent antiviral activity [55].

The protective capacity of the new ORFV recombinants was
assessed in the mouse challenge model. The results showed that
the ORFV recombinant expressing the conserved NP was not
protective in mice. None of the animals survived the lethal
challenge infection, also not after three immunizations with the
recombinant. It remains to be determined whether the lack of
protection can be explained by insufficient activation of T-cells or
dendritic cells and/or missing induction of specific antibodies.
Both B- and T-cells were reported to be of importance for NP-
mediated protection [55]. Another explanation might be that the
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Figure 8. Role of T-cells for D1701-V-HAh5n-induced protection. BALB/c mice were immunized twice (V1 and V2) with 107 pfu of D1701-V-
HAh5n and depletion was performed during immunization (A), during challenge (B) or during immunization and challenge (C). Challenge (Ch) was
performed with 20x MLD50 strain MB1 and mice were monitored during 14 days after challenge. Survival of mice (n=8) is shown in panels a, the
mean percentage of body weight (bars indicate SEM) is demonstrated in panels b. Mice were sacrificed after having dropped more than 25% of their
original body weight. Panels ¢ schematically depict the days of in vivo depletion of CD4-positive, CD8-positive or both CD4- and CD8-positive T-cell
subset as described in Material and Methods. For control, challenge infection of immunized non-depleted animals or non-immunized mice (ni) was

also performed.
doi:10.1371/journal.pone.0083802.g008

immunity mediated by D1701-V-NPh5 was not sufficient to
protect from the dose of lethal challenge virus used in our
experiments. Reduced protective efficacy of NP against increasing
challenge virus dose was found in mice and ferrets [57]. Although
non-protective the described experiments do not exclude the utility
of D1701-V-NPh5 in prime-boost vaccination regimens, similarly
as reported for DNA prime-recombinant adenoviral boost
immunization with NP [58].

The H5 HA-expressing recombinant D1701-V-HAhbSn was
found to elicit very good protection in a dose-dependent manner.
The results showed that booster i.m. immunization was superior to
single application of the recombinant. The animals of both mouse
strains used were protected not only from lethal challenge but also
from disease according to weight loss determination. All mice
immunized twice with 10° or 107 pfu of the recombinant survived
and remained healthy after challenge infection with two different
cross-clade H5N1 strains, namely MB1 (clade 2.2.1) and SNI
(clade 2.2.3). Similar findings were reported for MVA recombi-
nants expressing the H5 HA of clade 1, which were able to protect
mice against infection with HSN1 AIV of clades 2.1.3, 2.2 and
2.3.4 [39]. Despite only 66% HA amino acid homology, the
presented recombinant D1701-V-HAhSn was able to protect
BALB/c and C57BL/6 mice against the heterologous AIV strain
PR8 (HINI). The results indicate slightly better protection of
BALB/c mice, which resisted a higher challenge virus dose (50
MLD50) compared to C57BL/6 mice (20x MLD50). Whether
the different genetic background of the two mouse strains might
influence the anti-AIV immune response is not known. The major
determinants of the D1701-V-HAhSn induced cross-protective
immunity, cross-neutralizing HA antibodies and/or specific
cytotoxic T-cells, must be clarified. Both are suspected to work
in protection from heterologous AIV infection [59], as also
cooperation of virus-specific CD8-positive T-cells and non-
neutralizing antibodies was described [60].

The presence of HI antibodies with titres of 1:40 or higher are
considered to predict protection (for review [27]), but animals with
low or without detectable HI antibodies were also protected, as for
instance by poxvirus based vaccination [61]. The presented data
indicate that only the twofold application of higher doses of
D1701-V-HAhSn elicited moderate HI antibody responses and
protected all animals from disease and death. Similarly it was
reported that 2 injections of HA-based vaccines can be necessary
to elicit higher HI antibody titres (for review [62]). Also higher
doses of MVA-based H5 HA recombinant have been necessary to
induce detectable antibodies [41]. Two immunizations with
10° pfu of D1701-V-HAh5n did not induce detectable HI
antibodies also suggesting that the magnitude of the antibody
responses can depend on the vaccine dose. But nevertheless more
than 80% of these animals survived the lethal challenge infection,
which implies a certain immune control. In addition, the still not
completely unravelled immunomodulating properties of ORFV
strain D1701 [63] can be considered to improve not only cross-
protective immunity. Collectively, these results might indicate the
additional involvement of T-cells for the formation of a protective
immunity.

PLOS ONE | www.plosone.org

1

The mouse immunization experiments demonstrated that two
injections of D1701-V-HAhS were beneficial to mediate robust
protective immunity from lethal AIV challenge. To investigate the
involvement of T-cells in protection, immune mice were i viwo
depleted of CD4-positive and/or CD8-positive T-cells as de-
scribed. Elimination of the T-cell subsets after the two vaccinations
before challenge infection did not affect protective immunity. That
can be explained by the development of a complete robust
protective immunity before depleting the T-cell subsets. Most
probably specific antibodies present at the time of challenge
infection control the virus. The body weight loss indicated that the
presence of CD4-positive T-cells at prime vaccination contributed
to disease control, although all challenge infected animals
recovered (Fig. 8B). The lack of B-cell help by CD4-positive T-
cells during prime immunization can be expected to impair the
production of antibodies that effectively neutralize the virus [21].
Depletion of CD4-positive T-cells alone or in combination with
CD8-positive T-cells during immunization and challenge resulted
in loss of body weight and slightly reduced survival rate (Fig. 8C).
Most probably the missing CD4-T-cell help until the time of
challenge impeded maturation of B-cells and consequently an
effective specific antibody response necessary for early control of
challenge virus (for review [64]). That can be also suggested from a
prolonged course of disease for 2 days. The question on a possible
contribution of CD8-positive T-cells for protective immunity
mediated by the HA-expressing ORFV recombinant could be
answered by the use of B-cell knock-out mice for in vivo deletion of
T-cell subsets. Whether CD8-positive T-cells add some effector
functions and/or cytokine production remains to be investigated in
more detail. Conclusively, the presented findings show that CD4-
positive T-cells are needed to prime protective immunity, but
deleting these T-cell subset later, e.g. before challenge infection,
does not substantially reduce protection. This supports recent
reports on the importance of CD4-positive T-cells and of specific
antibodies for protection from H5N1 and on the minor protective
role of CD8-positive T-cells [20]. CD4-positive T-cells are also
important for the development of memory B- and T-cells and thus,
additionally aid to increase the protective Immune response
against AIV [22,28]. Moreover, they help to clear infected cells
carly after infection also in the absence of CD8-positive T-cells by
antibody-independent, cytotoxic mechanisms or interferon-gam-
ma secretion [63] (for review [64]).

In conclusion, the presented study adds another example of the
utility of the Parapoxvirus ORFV strain D1701-V as a versatile
vector virus platform for the development of live non-adjuvanted
recombinant vaccines, which can be used for repeated immuni-
zations. The ORFV based vaccines can be easily propagated in
the non-tumorigenic, permanent Vero cell line, also accepted for
influenza virus vaccine production [66]. The application of the H5
HA-expressing ORFV recombinant to protect against cross-clade
HPAIV or heterologous AIV can be of great interest for
vaccination of pets that have the potential to transmit H5NI
from domestic animals to humans. HPAIV H5N1 or H7N7 strains
have the capacity to cross the species barrier by infecting dogs and
domestic cats, respectively (for review [67]), [68,69]. The excellent
applicability and safety of ORFV-vectored vaccines in pets was

December 2013 | Volume 8 | Issue 12 | e83802



demonstrated recently [42]. Due to the very good experience of
using ORFV recombinants for immunization of pigs [43,48,49]
the application of AIV gene expressing ORFV recombinants could
also represent alternative vaccines for this AIV relevant host.
Based on the presented findings more detailed studies must now
scrutinize the induced immune response. In addition, improved
cross-protective immunity against AIV can be attempted by using
additional recombinants expressing other immune-relevant pro-

teins of AIV.
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The present study demonstrates the protective potential of novel baculovirus recombinants, which
express the glycoproteins gB, gC, or gD of Pseudorabies virus (PRV; Alphaherpesvirus of swine) and
additionally contain the glycoprotein G of Vesicular Stomatitis Virus (VSV-G) in the virion (Bac-G-PRV).
To evaluate the protective capacity, mixtures of equal amounts of the PRV gB-, gC-, and gD-expressing
baculoviruses were used for immunization. Three intramuscular immunizations with that Bac-G-PRV
mixture could protect mice against a lethal PRV challenge infection. To achieve complete protection high
titers of Bac-G-PRV and three immunizations were necessary. This immunization with Bac-G-PRV resulted
in the induction of high titers of PRV-specific serum antibodies of the IgG2a subclass and of interferon
(IFN)-gamma, indicating a Th1-type immune response. Moreover, splenocytes of immunized mice exhib-
ited natural killer cell activity accompanied by the production of IFN-alpha and IFN-gamma. Collectively,
the presented data demonstrate for the first time that co-expression of VSV-G in baculovirus recombinant
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vaccines can improve the induction of a protective immune response against foreign antigens.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Live viral vectors based on, e.g. poxvirus, adenovirus, or her-
pesvirus are favoured as vaccine vectors due to their ability to
elicit humoral as well as cell-mediated immune responses against
the inserted antigen [1,2,4,5,9]. However, potential disadvantages
of some of these vectors consist in their cytotoxicity, in vaccine
virus multiplication in the immunized host, and in pre-existing
or induced immunity against the vector virus diminishing or pre-
venting efficient immunity against foreign antigens [3,10]. An
alternative platform for vector vaccines offers the use of recom-
binant baculoviruses. The baculovirus expression system is widely
used for the production of recombinant proteins, the development
of subunit vaccines in insect cells [6,7], and the generation of virus-
like particles (VLPs) for the use as vaccines [11,12]. In recent years,
baculovirus was adopted for gene delivery into mammalian cells
in vitro and in vivo [8,13-16,18]. Even with a high multiplicity of
infection (MOI), transduction of mammalian cells leads to strong
expression of foreign proteins without baculovirus reproduction.
Moreover, baculovirus-specific neutralizing serum antibodies are
not induced in animals [15,17,21]. Abe et al. [20] demonstrated

* Corresponding author. Tel.: +49 7071 967 253; fax: +49 7071 967 303.
E-mail address: achim.rziha@fli.bund.de (H.-J. Rziha).

0264-410X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2009.03.067

that immunization with a baculovirus recombinant expressing
the hemagglutinin (HA) gene of influenza virus elicited an innate
immune response and protected mice against challenge infection
with influenza A and B viruses.

A new generation of baculovirus vectors (Bac-G) has been
recently established, which express the surface glycoprotein G of
Vesicular Stomatitis Virus (VSV) for increased foreign gene trans-
fer [15,17,21]. VSV-G enhances the escape of the baculovirus vector
from endosomes by its membrane fusion activity, thereby improv-
ing the transduction efficiency [17]. Those VSV-G-pseudotyped
baculovirus recombinants were utilized in vaccination trials by
Facciabene et al. [21]. Intramuscular application of a baculovirus
expressing the E2 glycoprotein of Hepatitis C virus (HCV) or
the carcinoembryonic antigen (CEA) induced both humoral and
cell-mediated immune responses against the inserted antigens,
and additionally stimulated innate immune mechanisms. Antigens
expressed by baculovirus displaying VSV-G appear to be more
efficiently immunogenic as opposed to their expression by bac-
uloviruses without VSV-G [21]. However, it has not yet been tested
whether Bac-G recombinants have the potential to elicit protective
immunity.

The objective of the present study was to investigate the utility
of recombinant baculoviruses as a non-replicative vector vaccine
against infection with Pseudorabies virus (PRV; Suid herpesvirus
1) as a clinically relevant pathogen. Infection of swine with PRV
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causes the epidemic Aujeszky’s disease (AD) [23], which can lead
to economically important losses in pig industry. Therefore, active
immunization of swine is performed with modified live or inacti-
vated vaccines [22,24]. Those vaccines provide varying protection
against clinical signs of the disease and can reduce PRV shedding,
but they do not prevent infection and establishment of latent infec-
tion of PRV [25,26].

Commonly, mice are used to investigate the immunoprotec-
tive capacity of potential vaccines against lethal PRV challenge
infection as well as to analyze the induced PRV-specific immune
response. Among the 12 different PRV glycoproteins, gB, gC, and
gD are regarded as being most important for the development of
the antiviral humoral and cellular immune response [27,32]. PRV
neutralizing serum antibodies are reported to be mainly directed
against the glycoproteins gB, gC and gD [29,30], and PRV gC was
found to represent a target for cytotoxic T lymphocytes [28]. The gB
and gC glycoproteins were also shown to be involved in the induc-
tion of the lymphoproliferative response [27,31]. Recently, ORFV
(Parapoxvirus) recombinants expressing only PRV gC or gD were
found to protect mice and swine from a lethal PRV challenge infec-
tion [33,34].

The present study describes the generation of new VSV-G-
pseudotyped baculovirus recombinants encoding glycoproteins gB,
gC or gD of PRV (Bac-G-gB, Bac-G-gC, Bac-G-gD), which were effi-
ciently expressed in different mammalian cell lines. The protective
capacity of combinations of these recombinants (Bac-G-PRV) was
tested in a PRV mouse challenge model, and first analyses of the
induced immune response are presented. Collectively, the results
demonstrate that a threefold intramuscular (i.m.) vaccination of
mice with Bac-G-PRV mediated complete protection against lethal
PRV challenge infection accompanied by the induction of high titers
of PRV-specific Th1-type serum antibodies.

2. Materials and methods
2.1. Cell lines and viruses

Baculoviruses were propagated in Spodoptera frugiperda (Sf9)
insect cells using HyQ SFX-Insect MP (HyClone) or Grace’s Insect
medium mixed 1:1 (v/v) with TC-100 Insect Medium (Invitrogen,
USA) supplemented with 6% fetal bovine serum (FBS), 100 U of peni-
cillin G, and 100 U of streptomycin/ml (Invitrogen, USA). SK6 (swine
kidney) cells were maintained in minimum essential medium Eagle
(MEM; Sigma, USA) supplemented with 10% FBS, 2 mM L-glutamine
and antibiotics. The PRV strain NIA-3 was produced in VERO cells
(African green monkey kidney cell line) with Dulbecco’s modified
Eagle medium (DMEM; Sigma, USA) containing 5% FBS and antibi-
otics.

2.2. Generation of recombinant baculovirus vectors

For the generation of baculovirus recombinants the pFastBac-
DUAL plasmid and Bac-To-Bac baculovirus expression system was
used (Invitrogen, USA). To construct pFD-G-CMV transfer plasmid,
the CMV-MCS-BGH polyA cassette was isolated from pcDNA3 plas-
mid by digestion with Nrul and Smal and ligated into the BamHI
and HindIll digested pFastBacDUAL after end filling with Klenow
polymerase. The VSV-G gene was amplified from plasmid pVSV-
G (Invitrogen, USA) using primers containing an Xhol restriction
site (underlined): 5'-CTCGAGATGAAGTGCCTTTTGTACTTAGCC-3’
and 5'-CTCGAGTTACTTTCCAAGTCGGTTCATCTC-3'. The purified PCR
product was inserted into the Xhol restriction site downstream of
the p10 baculovirus promoter of pFD-CMV (Fig. 1A). Plasmid pFD-
G-CMV-gB was generated by inserting the complete open reading
frame of PRV gB into the EcoRI site of pFD-G-CMV downstream of

Ppi0 Phcmv
1 [I’_. ™~ I
L 5. VSV-G . PRV — ]
] & gp L~
| BGH pA
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] I
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Fig.1. Schematicrepresentation of recombinant baculoviruses. Schematic depiction
of the construction of the VSV-G pseudotyped recombinants expressing the single
PRV glycoprotein (gp) genes (Bac-G-PRV) under the control of the human CMV pro-
moter (Phcmv) and the VSV-G protein controlled by the baculovirus p10 promoter
(Pp10), as described in Section 2.

the hCMV early promoter (Fig. 1A). The 1.8-kb EcoRI DNA-fragment
of PRV gB was isolated from plasmid pcDNA-gB (PRV) (Depart-
ment of Molecular Virology, University of Gdansk, Poland). The
complete PRV gC gene was amplified by PCR from PRV genomic
DNA with primer Fw: 5'-GAATTCATGGCCTCGCTCGCGCGTGCGATG-
3’ and primer Rv: 5-GAATTCTCACGGCCCCGCCCGGCGGTAGTA-3'
(the introduced EcoRI sites are underlined) and inserted into the
EcoRlI site of pFD-G-CMYV to result in plasmid pFD-G-CMV-gC. The
PRV gD gene was also amplified by PCR from the PRV genome
with the primers 5'-GAATTCATGCTGCTCGCAGCGCTATTG-3' and 5'-
GAATTCCTACGGACCGGGCTGCGCT-3’ (introduced EcoRI sites are
underlined) and ligated into EcoRI cleaved pFD-G-CMV to obtain
plasmid pFD-G-CMV-gD (Fig. 1). For proving correct insertions
all plasmids have been molecularly characterized. The different
recombinant baculoviruses were purified from supernatants of
infected insect cells on a 27% (w/v) sucrose cushion in a SW28 rotor
(Beckman, USA) at 24,000 rpm for 75 min at 4°C. The viral pellet
was resuspended in phosphate-buffered saline (PBS) and titrated
by plaque assays on Sf9 cells.

2.3. Detection of PRV glycoproteins in baculovirus-infected cells

Vero or SK6 cells were transduced with the different bac-
uloviruses (MOI of 10) in the presence of 5mM sodium butyrate
as previously described [35]. After 24 h, the harvested cells were
lysed in a mixture of 125 mM Tris-HCl pH 6.8, 4% SDS, 10% glycerol,
0.02% bromophenol blue, 4% 2-mercaptoethanol, resolved by elec-
trophoresis in SDS-10% polyacrylamide gel, and transferred onto
a polyvinylidene difluoride membrane (Roti-PVDF, Carl Roth, Ger-
many). After blocking overnight at 4°C in 5% non-fat dry milk
in TBST (50 mM Tris-HCIl pH 7.4, 150 mM Nacl, 0.05% Tween 20),
the membrane was incubated with primary antibodies diluted in
1.5% (w/v) non-fat dry milk in TBST for 2 h at room temperature.
The polyclonal PRV gB-specific rabbit antiserum was used in a
dilution of 1:2000, the PRV gC-specific mouse antiserum (B16-
d6) was diluted 1:10 and the polyclonal PRV gD-specific rabbit
antiserum 1:1000. All PRV-specific antisera were kindly provided
by T.C. Mettenleiter (FLI, Island of Riems, Germany). The VSV-G-
specific mouse monoclonal antibody P5D4 (Sigma, USA) was used
in a dilution of 1:500. The membrane was washed three times
with TBST and incubated for 1h at room temperature with alka-
line phosphatase-conjugated species-specific secondary antibodies
(Santa Cruz Biotechnologies, USA). After final washing, the mem-
branes were incubated with the BCIP/NBT (Fermentas, Lithuania)
substrate solution.

2.4. Animal experiments

Groups of 8-week-old BALB/c mice were immunized intramus-
cularly (i.m.) at 2-weeks intervals with the indicated doses of
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mixtures of the three PRV glycoproteins expressing Bac-G recombi-
nants. These immunization cocktails were prepared by combining
equal amounts of plaque forming units (PFU) of each of recombinant
to obtain the indicated final dose of PFU. For control, BALB/c mice
were vaccinated with non-recombinant baculovirus Bac-G-WT or
with PBS. Two weeks after the last immunization, all mice were
intraperitoneally (i.p.) challenge-infected with the virulent PRV
strain NIA-3 (10% PFU/animal). Serum antibody and cell-mediated
immune responses from the immunized mice were recorded until
day 14 after challenge. All animal experiments were performed
at the FLI, Institute of Immunology in Tuebingen, Germany as
approved by the animal protection authority.

2.5. Serum antibody analyses

Sera from immunized and control mice were analyzed for PRV-
specificIgG1 and IgG2a serum antibody titers by ELISA as previously
described [33]. The mean titers are calculated from logyg of the
highest serum dilution giving a twofold higher OD value compared
to that of sera from Bac-G-WT vaccinated mice. Virus-neutralizing
antibodies were evaluated by a complement-independent neutral-
ization assay. Twofold serial dilutions (at least in duplicates, starting
with a serum dilution of 1:4) of heat-inactivated (30 min at 56 °C)
sera were incubated with 50 PFU of PRV strain NIA-3 for 24h at
37°C and plaque reduction was determined as described [33].

2.6. Determination of cytokine release from murine splenocytes

Spleens of individual immunized mice and control mice were
homogenized in PBS (pH 7.4), and erythrocytes were lysed with
Red Blood Cell Lysing Buffer (Sigma, Germany) for 2-5min at
room temperature. After three times washing with PBS, the spleno-
cytes were seeded in 96-well flat-bottom plates at a density of
2.5 x 106 cells/ml in MEM medium containing antibiotics, 10% bacto
tryptose-phosphate broth, and 2% FBS. Splenocytes were stimu-
lated in vitro with PRV strain NIA-3 (MOI=1) or with 1 g/ml
Concanavalin A (Sigma, Germany). After 4 days incubation at 37 °C
in 5% CO, atmosphere, the supernatants from cell cultures were col-
lected. Secretion of interferon (IFN)-alpha, gamma and interleukin
(IL)-4 into the supernatant was determined by specific ELISA (IL-
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4, IL-10-ELISA Ready-SET-Go!; eBioscience, NatuTec, Germany, and
IFN-a ELISA Kit, PBL Biomedical Laboratories, USA) according to the
manufacturer’s instructions.

2.7. Cytotoxicity assay

The cytolytic activity of NK cells was analyzed by chromium
release assay as described [36]. BALB/c mice were injected i.p. with
the combination of 109 PFU of the three baculovirus recombinants
(Bac-G-PRV) or for control with wild-type baculovirus (Bac-G-WT).
Splenocytes were isolated 24 h after vaccination and suspended in
MEM medium containing 2% FBS at a density of 107 cells/ml. Differ-
ent numbers of splenocytes (effector cells) were plated in 96-well
round-bottom plates. Target Yac-1 murine lymphoma cells were
labeled with 100 wCi *1Cr (Amersham Biosciences, Germany) by
incubation for 1 h at 37 °C, and seeded at a density of 10* cells/well.
Effector to target (E:T) ratios of 100:1, 30:1, 10:1, 3:1 and 1:1
were incubated for 5h at 37°C in 5% CO, atmosphere. After
incubation, 50 1 of supernatants were transferred to LumaPlate-
96 (Perkin-Elmer, Germany), allowed to dry overnight, and the
amount of °1Cr released was determined per well at least in dupli-
cates. Spontaneous release of °!Cr was determined for cultures
containing labeled Yac-1 cells alone, and maximum release was
performed by adding 1N HCl to the labeled Yac-1 cells. Percentage
of cytotoxicity was calculated by the formula: 100 x (experimental
cpm — spontaneous cpm)/(maximal cpm — spontaneous cpm).

3. Results
3.1. Characterization of the recombinant baculoviruses

Baculoviruses were generated expressing the PRV gB, gC, or gD
coding sequences under the control of the hCMV immediate-early
promoter. The VSV-G coding sequence was additionally inserted
downstream of the p10 baculovirus promoter as depicted in Fig. 1
(see also Section 2). Expression of VSV-G was confirmed by Western
blotting of purified Bac-G-PRV using the VSV-G-specific mono-
clonal antibody P5D4. As shown in Fig. 2A, the VSV-G protein
of approximately 64kDa in size was detected in all Bac-G-PRV
virus particles, but not in Bac-G-WT preparation. For examin-
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Fig. 2. Western blot analysis of the different Bac-G-PRV. (A) Purified non-recombinant Bac (lane 1), Bac-G-gB (lane 2), Bac-G-gC (lane 3), and Bac-G-gD (lane 4) were separated
on SDS polyacrylamide gels and Western blotting was performed with antibodies specific for VSV-G protein. Lysates from baculovirus-transduced SK6 cells were analyzed
by Western blotting with PRV monospecific antibodies for (B) gB, (C) gC, and (D) gD glycoproteins of PRV. Lane 1 represent lysates from PRV-infected SK cells, lane 2 from
non-infected SK cells, lane 3 from Bac-G-WT and lane 4 in (B) from Bac-G-gB, in (C) from Bac-G-gC, and in (D) from Bac-G-gD transduced cells. The arrows mark the different

mature or precursor protein forms as described in the text.
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Fig. 3. Bac-G-gD shows higher transduction efficiency as compared to Bac-gD. Detection of PRV glycoproteins in situ in recombinant baculovirus-transduced PK15 cells by

IPMA assay as described in Section 2.

ing the expression of PRV glycoproteins, swine kidney (SK6) cells
were infected with a MOI of 10 of Bac-G-PRV and 24h later cell
lysates were analyzed by Western blotting with PRV monospecific
antibodies. Cells infected with PRV (strain NIA-3), with non-
recombinant baculovirus (Bac-G-WT) or non-infected SK6 cells
were used as controls. Cells transduced with Bac-G-gB exhib-
ited the expression of the 115kDa mature form and the 100 kDa
precursor form of gB similar to PRV-infected cells (Fig. 2B). The
mature form (94kDa), immature form (74kDa) and precursor
form (58 kDa) of PRV gC were detectable in Bac-G-gC-transduced
cells as in PRV-infected cells (Fig. 2C). Finally, the 55 kDa mature
form and the 45kDa precursor form of PRV gD was found in
Bac-G-gD-transduced cells (Fig. 2D). Monitoring the foreign gene
expression in situ it appears that co-expression of the VSV-G gene
clearly improved the transduction efficiency and/or expression of
the PRV genes. This is representatively demonstrated in Fig. 3
for the PRV gD gene by comparing Bac-G-gD with Bac-gD that
lacks the VSV-G gene. It can be seen that the number of cells
strongly expressing the PRV gD after Bac-G-gD transduction out-
numbers that after Bac-gD transduction (Fig. 3). Similar results
were also found by the use of Bac-G-gB or Bac-G-gC (data not
shown).

Finally, results of confocal fluorescence microscopy demon-
strated intracellular and surface expression of each PRV glycopro-
tein after transduction of SK6 cells or murine L929 cells (data not
shown). These data confirmed the expression and modification of
the PRV glycoproteins with all baculovirus recombinants, but co-
expression of VSV-G protein improved transduction efficiency and
strength of expression of the foreign antigens.

3.2. Protection against PRV challenge infection

In order to evaluate the protective potential of the baculovirus
recombinants, mice were challenged with a lethal dose of PRV
after i.m. application of Bac-G-PRV, each representing a cocktail
of equal amounts of the gB-, gC- and gD-expressing recombi-
nants as described in Section 2. First, we intended to specify
the dose of the baculovirus recombinants needed to protect mice

against lethal PRV challenge infection after three i.m. immuniza-
tions. As shown in Fig. 4A, all animals that were not immunized
(PBS) or were control-immunized with the different doses of Bac-
G-WT died between 66 and 99 h after challenge infection. After
three immunizations with 106 PFU of Bac-G-PRV no protection
was found though some delay of death was observed. All ani-
mals showed severe neurological symptoms and died between 66
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and 136 h after PRV infection. Partial protection was found after
the application of 107 PFU of Bac-G-PRV, where 50% of mice sur-
vived and 50% of mice showed a delayed death (Fig. 4A). Increasing
the immunization dose to 10° PFU, three i.m. applications of Bac-
G-PRV protected all mice against lethal PRV challenge infection
(Fig. 4A), and none of these animals exhibited clinical symptoms.
Therefore, the protection rate was dependent on the amount of
Bac-G-PRV applied. Finally, we determined the number of i.m.
immunizations of 10° PFU Bac-G-PRV necessary to protect the mice.
As shown in Fig. 4B, again three applications of Bac-G-PRV com-
pletely protected the mice against PRV challenge infection. After
two vaccinations, the protection rate decreased to 83% (five out
of six mice), and after one single vaccination with Bac-G-PRV
only four out of eight mice (50%) survived the challenge infec-
tion.

3.3. Serum antibody response

For determining the humoral immune response elicited by the
immunization with Bac-G-PRV, PRV-specific serum antibodies of
IgG1 and IgG2a subclasses were evaluated by ELISA. Serum sam-
ples were taken 1 day before challenge infection (pre-challenge)
as well as from animals surviving the PRV challenge at day 5 and
day 14, respectively. The results demonstrate that already the first
immunization before challenge infection induced high IgG2a serum
antibody titers (1:8000 to 1:12,800) and lower specific IgG1 (1:600
to 1:800) serum antibody titers, which were not substantially
increased by the booster immunization (Fig. 5, pre-challenge). Chal-
lenge infection of mice vaccinated one-, two- or three-times slightly
increased the PRV-specific IgG1 serum antibody titers (Fig. 5).
At day 5 and day 14 after challenge infection (p.i.), comparable
serum antibody levels as well as similar IgG2a:IgG1 ratios were
found.

Interestingly, PRV-neutralizing antibodies were hardly
detectable in the sera of all immunized animals pre- and post-
challenge infection. Independent of whether the animals were
immunized with one, two or three doses of 10° PFU Bac-G-PRY,
the neutralizing antibody titers did not exceed serum dilutions
of 1:10 (data not shown). In sum, the data indicate that Bac-G-
PRV immunization induced predominantly specific IgG2a serum
antibodies favouring the stimulation of a T-helper class 1 (Th-1)
immune response against PRV.
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3.4. Induction of interferon gamma

Whereas IFN-gamma is known to mediate the induction of an
antiviral Th-1 immune response, the induction of IL-4 is regarded
to promote a B-cell response during viral infection. The production
of [FN-gamma and IL-4 from splenocytes of immunized, protected
mice and control-immunized animals was tested by ELISA after in
vitro re-stimulation with PRV. As shown in Fig. 6A, before challenge
infection splenocytes from all mice secreted only low amounts of
IFN-gamma, whereas 5 days after challenge infection an approxi-
mately 10-fold increased production of IFN-gamma was found in
the spleen from the immunized animals but not from control-
immunized mice (Fig. 6B). In contrast, none of the splenocytes
secreted detectable IL-4 or IL-10 before or after challenge infection
(data not shown).

3.5. Induction of an early immune response by Bac-G-PRV

Twenty-four hours after Bac-G-PRV prime vaccination, spleno-
cytes were monitored for the production of IFN-alpha, IFN-gamma
and NK-mediated cytotoxic activity in order to assess the induc-
tion of an early immune response. As representatively shown in
Fig. 7, only splenocytes derived from vaccinated mice (animals
#1 and #2) exhibited high cytolytic activity against Yac-1 target
cells (Fig. 7A). Effector splenocytes prepared from not or control-
immunized mice exhibited background NK cell activity. Sera taken
from the same mice 24 h after a single vaccination with Bac-G-PRV
displayed clearly elevated amounts of IFN-alpha (mean concentra-
tion: 750 pg/ml) and IFN-gamma (mean concentration: 140 pg/ml)
were detectable by ELISA (Fig. 7B). Comparable results have been
obtained by determining NK cell activity of splenocytes and serum
cytokine response in two other independent experiments (data not
shown). These results indicate that prime immunization with the
Bac-G-PRV induced an efficient early NK cell response accompanied
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by the production IFN-alpha and IFN-gamma known to activate NK
cells.

4. Discussion

Numerous reports demonstrate the versatility of the baculovirus
vector system for transduction and expression of foreign genes,
including viral proteins, into mammalian cells. However, investiga-
tions of the potential of recombinant baculoviruses as immunizing
reagents to mediate protective immunity against viral infections
are very limited (for review [38,39,42]). The present study was
designed to evaluate the suitability of the VSV-G protein pseu-
dotyped baculovirus (Bac-G) expression system [17] as potential
vector vaccine and to analyze the induced immune response. To
this end, we have used the well-established murine model of
Pseudorabies virus (PRV) challenge infection, a member of the
alphaherpesvirinae (Suid herpes 1). As immunogens the PRV glyco-
proteins gB, gC, and gD were chosen, which represent major targets
for anti-PRV humoral and cellular immune responses [27]. Also the
induction of protective immunity in mice and pigs against PRV chal-
lenge infection has been reported by the use of vaccines containing
these PRV glycoproteins [33,34,37].

Bac-G recombinants were generated to express the PRV genes
under the control of the hCMV promoter that is active in mam-
malian cells, and the VSV-G protein incorporated into the virion
of the recombinants by expression from the p10 promoter of bac-
ulovirus that is silent in mammalian cells. As reported earlier for the
expression of other foreign genes in Bac-G [15,17,21] the presented
results also indicate that VSV-G protein pseudotyping enhanced the
transduction efficiency and led to increased expression of the PRV
glycoproteins in different cell species.

For immunization equal amounts of each recombinant were
mixed together to obtain the Bac-G-PRV cocktail and mice were
vaccinated intramuscularly (i.m.), because this route of baculovirus
vector inoculation has previously been shown to achieve superior
antigen-specific B- and T-cell responses compared to intraperi-
toneal, subcutaneous or intranasal injection [19-21]. Moreover,
prolonged antigen expression in the muscle of i.m. inoculated mice
has been reported [17]. The results show for the first time com-
plete protection of mice against lethal PRV challenge infection after
immunization with a combination of baculovirus expressed gly-
coproteins gB, gC, and gD. Reliable protection, however, was only
achieved by the use of the Bac-G-PRV cocktail, but not after appli-
cation of identical mixtures of 10° PFU or even 10'° PFU of Bac-PRV
that lack the VSV-G protein (data not shown). This is in line with
datareported by Facciabene et al. [21] demonstrating that Bac-G-E2
(expressing the E2 protein of Hepatitis C virus) was more immuno-

genic than the same dose of applied Bac-E2. The rate of protection
clearly depends on the amount of the injected Bac-G-PRV. We found
that 10° PFU as the minimal dose must be inoculated three times
(Fig. 4). Decreasing the amounts of Bac-G-PRV and the use of only
one or two immunizations led at best to partial protection. The
observed protection of the mice was mediated by the expression
of the PRV glycoproteins, since none of the animals survived the
challenge infection after application of non-recombinant Bac-G,
and the mean time to death of the control-immunized mice was
comparable to non-immunized, challenge-infected animals. This is
interesting, because earlier results showed that non-recombinant
baculovirus can protect mice non-specifically against EMCV chal-
lenge infection [43] or against influenza virus infection [20]. It was
supposed that baculovirus per se can act as an adjuvant by stimulat-
ing innate immunity. The injection of live baculovirus was described
to induce type I interferon (IFN) in vitro and in vivo in mice [43], and
non-recombinant Bac-G elicited a strong [FN-gamma induction in
mouse splenocytes [21].

To examine the stimulation of innate immune responses,
splenocytes from mice were analyzed 24 h after vaccination with
non-recombinant Bac-G or Bac-G-PRV for natural killer (NK)
cell activity and induction of serum IFN. Application of non-
recombinant Bac-G did neither induce cytolytic activity in the
spleen nor detectable stimulation of IFN-alpha or IFN-gamma
secretion into serum. In contrast, splenocytes of the Bac-G-PRV
inoculated mice exhibited pronounced NK cell activity accompa-
nied by increased amounts of serum type I and type II interferon.
According to the presented results, we suppose that the applied
non-recombinant Bac-G does not mount a considerable innate
immune response as reported by Facciabene et al. [21] and Abe et al.
[20], although we used the same mouse strain (BALB/c) and compa-
rable purity of the applied Bac-G recombinants. However, at present
the reported and presented findings cannot be fully compared due
to the use of different methods of measuring the induction of innate
immunity.

Therefore, in our experiments the early antiviral immune
response seems primarily induced by the PRV glycoproteins
expressed from the Bac-G-PRV. The importance of type I IFN for
protection against Alphaherpesvirus infection is well described in
murine models. Early after herpesvirus infection IFN-alpha is pro-
duced from antigen-presenting cells, which leads to activation of
NK cells (for review [44,45]). The importance of distinct herpesviral
gene products for stimulation of innate immunity is unknown. From
other reports one might suggest that gC and gB of PRV could func-
tion in stimulating innate immunity. DNA immunization studies
demonstrated the role of PRV gC in triggering IFN-alpha secre-
tion, which subsequently supports the production of specific serum
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antibodies of 1gG2a class [46]. The use of each individual Bac-G
recombinant can now help to decipher the role of these PRV pro-
teins for stimulation of NK activity and associated innate immune
mechanisms, at least in interrelation with the baculovirus virion
proteins.

There is growing evidence for the implication of innate immu-
nity including NK cells in regulating and modulating the adaptive
immune response as well as the immunological memory. The qual-
ity and quantity of the adaptive immunity seem to depend on the
innate response sensed after infection or vaccination (for review
[47-50]). We have not determined the type of immune cells pro-
ducing IFN-alpha and IFN-gamma early after Bac-G-PRV prime
immunization, however, the results would fit into the concept that
IFN-gamma secreted by NK cells enhances the decision for a Th1
response [51]. This is also supported by our finding of a strong
anti-PRV antibody response dominated by the production of IgG2a
serum antibodies, which was induced already after prime immu-
nization. Notably, the following booster immunizations did no more
significantly increase the anti-PRV serum antibody titers and also
did not substantially change the ratio of IgG2a to IgG1 antibody
subclasses. This indicates a rapid induction of a Th class 1 immune
response after immunization with Bac-G-PRV. Nevertheless, two
more booster immunizations are needed to protect all mice against
lethal PRV challenge infection. This implies that three injections
of high dose of Bac-G-PRV are necessary to mount an anti-PRV T-
cell response sufficient to protect against PRV challenge infection.
The importance of Th1-type CD4+ T-cells and IFN-gamma for pro-
tecting mice and pigs against PRV infection is well documented
[40,41,52-55]. The PRV gB was reported to play an important role
in generating CD4 positive Th1 cells [52,56]. PRV gC is suspected
to function in stimulating the specific T-cell and B-cell response
[57,58] and to promote a CD-8 positive T-cell response against
PRV [52]. In conclusion, the protective potential of the Bac-G-
PRV cocktail is supposed to be mediated predominantly by the
induction of PRV-specific T-cell immunity, although some role of
complement-dependent antibodies cannot be ruled out. Further
studies to elucidate the T-cell subsets induced after immunization
are now needed to prove that assumption.

In addition to gC, the gD of PRV must be regarded as a main
antigen for the anti-PRV immune response, which essentially
contributes to virus neutralization and protection [33,52,59,60].
Therefore, Bac-G expressing gD was included into the immunizing
cocktail. However, even two booster injections did not lead to the
generation of significant titers of PRV neutralizing serum antibod-
ies. It is remarkable that all mice were protected against challenge
infection despite of the absence of higher virus-neutralizing serum
antibodies. However, several reports show that in vivo protection
must not necessarily correlate with the level of virus-neutralizing
serum antibodies [61,62]. The in vitro determined serum neutral-
izing activity does not obviously reflect the neutralizing capacity
of those antibodies in vivo [63]. Interestingly, it has been reported
that protection against PRV infection positively correlates with the
induced amount of IFN-gamma rather than with the level of gener-
ated virus-neutralizing serum antibodies [61,62]. Our data indicate
that the application of Bac-G-PRV rapidly shifted the antiviral
response to a Th1, cell-mediated immunity, at the expense of a Th2,
anti-PRV humoral immunity. This assumption is supported by the
stimulation of IFN-gamma but not of interleukin-4 or interleukin-
10 in the spleen of three times immunized mice before and after
challenge infection. Therefore, the baculovirus vector system seems
to favour the stimulation of T-cells, both CD4+ and CD8+ T lym-
phocytes, independent of the inserted antigen as reported for the
Malaria CS antigen [64] or the E2 protein of HCV [21]. A kind of
adjuvant effect of Bac-G to drive primarily a Th1-type immunity
can be concluded, because expression of the gC and gD genes of
PRV as ORFV (Orf virus, Parapoxvirus) recombinants stimulated a

balanced Th1 and Th2 immune response [33]. Collectively, the pro-
tective potential of Bac-G-PRV can be explained by the generation
of an efficient T-cell response, combined with the induction of an
early strong PRV-specific humoral immune response.

The present study demonstrates for the first time the success-
ful use of Bac-G recombinants for the generation of protective
immunity against a herpesvirus infection. The described Bac-G
recombinants represent valuable tools for analyzing the contribu-
tion of the individual PRV glycoproteins in protection and antiviral
innate and adaptive immune mechanisms, which will be subject
of an ongoing study. The described baculovirus recombinants will
now allow the establishment of assays to investigate the contribu-
tion of the individual glycoproteins in the PRV-specific CTL immune
response. Finally, the protective potential of Bac-G-PRV can now be
investigated in the natural host of PRV, swine. In the future, the use
of the Bac-G vector system for the expression of other antigens will
show its benefit for other antimicrobial vaccines.
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Abstract

also by late ORFV genes.

might aid to escape cellular immune recognition.

Background: The Orf virus (ORFV), a zoonotic Parapoxvirus, causes pustular skin lesions in small ruminants (goat
and sheep). Intriguingly, ORFV can repeatedly infect its host, despite the induction of a specific immunity. These
immune modulating and immune evading properties are still unexplained.

Results: Here, we describe that ORFV infection of permissive cells impairs the intracellular transport of MHC class |
molecules (MHC 1) as a result of structural disruption and fragmentation of the Golgi apparatus. Depending on the
duration of infection, we observed a pronounced co-localization of MHC | and COP-I vesicular structures as well as
a reduction of MHC I surface expression of up to 50%. These subversion processes are associated with early ORFV
gene expression and are accompanied by disturbed carbohydrate trimming of post-ER MHC I|. The MHC |
population remaining on the cell surface shows an extended half-life, an effect that might be partially controlled

Conclusions: The presented data demonstrate that ORFV down-regulates MHC | surface expression in infected cells
by targeting the late vesicular export machinery and the structure and function of the Golgi apparatus, which

Keywords: Orf virus, Parapoxvirus, MHC class |, Subversion, Immunomodulation, Golgi apparatus

Background

The Orf virus (ORFV; Parapoxvirus ovis) is the type spe-
cies of the Genus Parapoxvirus belonging to the family
Poxviridae. 1t is a skin epitheliotropic double-stranded
DNA virus that causes pustular skin lesions in sheep and
goats, known as contagious ecthyma [1]. Most interest-
ingly, animals are not protected against ORFV re-
infections, which might also be due to the short-lived
ORFV-specific adaptive immunity. Orf is a zoonotic dis-
ease [2] that can be transmitted to humans by contact
with infected animals. While Orf is usually a benign self-
limiting illness, it can be very progressive in immune-
compromised hosts [2].
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Poxviruses provide considerable inventories of gene pro-
ducts that allow them to evade the host immune response
[3]. It has been previously shown that ORFV encodes
immunomodulators like ORFV IL-10, the GM-CSF- and
IL-2-inhibitory factor (GIF) or the ORFV chemokine bind-
ing protein CBP, which have the ability to inhibit cytokine
synthesis of monocytes [4-8]. These evasion strategies
seem to play an important role in supporting ORFV repli-
cation and enabling repeated re-infections.

Cell-mediated immunity is critical for the clearance of
virus-containing cells. Infected hosts normally react by ac-
tivating their MHC I - mediated cellular immune response
[9]. MHC I transmembrane glycoproteins function by
binding intracellularly processed peptide antigens and pre-
senting them on the cell surface to cytotoxic T cells [10].
During viral infection, a spectrum of antigenic peptides is
displayed by MHC I molecules, resulting in the specific
recognition of the infected cells by cytotoxic T cells (CTL).
However, many viruses, including poxviruses [3,11], evade
the T cell-mediated immune response, primarily by

© 2012 Rohde et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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decreasing the levels of surface MHC I, thus reducing the
presentation of pathogen-derived antigens [12] to escape
cellular immunosurveillance mechanisms [13]. MHC I
down-regulation of infected cells increases susceptibility
to natural killer (NK) cells, and many viruses have also
evolved strategies to escape this immune detection [14].

The ability to inhibit proinflammatory cytokines (TNF
and IFN) that regulate MHC expression is a mechanism
of poxviruses to prevent the up-regulation of MHC I [3].
The gene product M153R of myxoma virus interferes
directly with the antigen presentation pathway and
induces the loss of f2-microglobulin associated MHC I,
both at the cell surface and in an intracellular post-Golgi
compartment [15]. Genes of cowpox virus modulate the
MHC 1 antigen processing and expression. The
CPXV203 protein is responsible for decreased surface
expression of mouse and human MHC I molecules by
using the physiologic KDEL-pathway to retain MHC I in
the ER [16,17], whereas the CPVX12 protein prevents
TAP-dependent peptide loading [18,19].

We are interested to identify possible immune evasion
mechanisms of ORFYV, the type species of Parapoxvirus.
Also in_vitro propagation of wild-type ORFV is very
restricted and mostly primary ovine or bovine cells are
used, which limits the availability of MHC I or cell com-
partment specific reagents. Therefore, we took advantage
from the Vero cell-adapted ORFV strain D1701-V to ana-
lyse virus induced alterations of MHC I surface expression
in infected permissive Vero cells. We show that this Para-
poxvirus impairs MHC I surface expression by structurally
disrupting the Golgi apparatus. Most interestingly, Golgi
fragmentation is accompanied by a defective intracellular
MHC 1 transport, pronounced co-localization of MHC I
and COP-I-vesicles, disturbed carbohydrate trimming of
Golgi-localized MHC I molecules and a reduction of
MHC T surface expression of up to 50%. In addition to
these effects, we also noticed that the half-life of the
remaining MHC 1 surface population is remarkably
increased. All observed evasion phenotypes except for the
MHC I half-life effect are linked to the expression of early
ORFV genes. On the basis of our findings we postulate
that ORFV modulates MHC [ surface expression in
infected cells by targeting the vesicular transport machin-
ery and the structure and function of the Golgi apparatus.
Thus, it is tempting to speculate that the discovered
ORFV-mediated effects on MHC I act in concert to facili-
tate infection and allow the acute virus to replicate and
shed prior to clearance by the host immune response.

Results

ORFV induces down-regulation of surface MHC |
molecules

Surface expression of MHC I was investigated in ORFV-
infected and non-infected Vero cells by flow cytometry
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using the MHC 1 specific monoclonal antibody (mAb)
W6/32 as described in Methods. As shown in Figure 1la,
ORFYV infection resulted in a significant decrease of the
MHC I surface expression. Twelve hours post infection
(hpi) about 80% of MHC I was detectable on the cell
surface compared to non-infected cells, which was fur-
ther reduced to 70% at 24 hpi, and to almost 50% at 36
hpi. These decreases were statistically highly significant
as determined by One-way ANOVA analysis (P < 0.001).
Reduction of MHC I surface expression was dependent
on live, replicating ORFV. Thus, infection of the cells
with [B-propiolactone-inactivated virus did not change
the amount of MHC I expressed on the surface of Vero
cells (Figure 1a, inact. ORFV).

To analyze whether expression of early or late ORFV
genes might be responsible for the MHC I down-
regulation, AraC was used to inhibit viral DNA synthesis
and thereby preventing intermediate and late gene ex-
pression of ORFV [6]. Figure 1b demonstrates that
blocking of ORFV intermediate and late gene transcrip-
tion (+ AraC) did not abolish MHC I down-regulation
or affect MHC I surface presentation in non-infected
cells. Infection of Vero cells and the effect of AraC were
controlled by immunofluorescence studies using the
mAb 13 C10, which is directed against the late major
envelope protein of ORFV (Figure 1e).

ORFV infection increases the half-life of remaining surface
MHC | molecules

Virus-infected cells were treated with Brefeldin A (BFA) to
examine the biological stability of cell surface expressed
MHC I molecules. BFA prevents the anterograde MHC 1
transport from the endoplasmic reticulum (ER) to the
Golgi apparatus, and thereby inhibits the supply of newly
synthesized MHC I to the cell surface. This experimental
design allows the analysis of the half-life of surface
expressed pre-existing MHC I by using flow cytometry.
BFA-treated, non-infected Vero cells showed a 40 and
60% reduction of surface MHC I after 8 and 20 h incuba-
tion, respectively (Figure 1c, ni). In contrast, virus-infected
Vero cells showed at the same BFA-incubation time points
only a marginal MHC I decrease of 10% and 30%
(Figure 1c, ORFV). These results suggest that ORFV infec-
tion increases the half-life of the remaining MHC I surface
population by affecting surface stability and/or recycling
of MHC I molecules. To examine whether early and/or
late ORFV gene expression might be responsible for the
increase in MHC I surface survival, cells were additionally
treated with AraC during ORFV infection and BFA treat-
ment. Figures 1c, d show that the MHC I half-life on the
surface of non-infected cells was not altered by AraC. In
infected cells the presence of AraC has some neutralizing
influence on the ORFV mediated half-life effect on surface
MHC I (compare Figure 1lc, d). Thus, the ORFV-
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Figure 1 Modulation of MHC | surface expression in ORFV-infected cells. (A) Vero cells were harvested at 12, 24, and 36 hpi (m.o.i. 1.0) and
stained with the anti-MHC | mAb W6/32 as described in Methods. The effect of non-replicating ORFV was tested by the use of -propiolactone
inactivated ORFV (inact. ORFV; m.o.i. 1.0 before inactivation), non-infected (ni) cells were used as negative controls. The average of three separate
virus culturing experiments is shown. ORFV infection decreased cell surface expressed MHC I. (B) Twenty hours post infection (m.o.i. 1.0), MHC |
cell surface expression (W6/32) was determined by FACS in the presence and absence of AraC. No effect of AraC treatment on MHC | surface
expression was observed. One representative experiment is shown. (C) ORFV infected (m.o.i. 1.0) or non-infected Vero cells were treated with BFA
or (D) with BFA plus AraC. Virus infection increased the half-life of MHC | on the cell surface, determined at 8, 12 and 20 hpi using W6/32 anti-
MHC | antibody by flow cytometry. The average of three independent experiments is shown in C, D. The relative mean fluorescence intensity (rel
MFI) is given in percentages. (E) Infection (m.o.i. 1.0) of Vero cells (green staining) and the effect of AraC was controlled (24 hpi) by
immunofluorescence studies using the mAb 13 C10 (diluted 1:1000) recognizing the late major envelope protein of ORFV. Nuclei and F-actin are
stained blue by DAPI and white by phalloidin-TRITC, respectively.

expression. The amount of mRNA specific for the
housekeeping gene GAPDH was related to the amount
of MHC I mRNA at different times after infection. Each
PCR product taken at the linear phase of PCR amplifica-

dependent increase of MHC I surface stability might be
partially controlled also by late gene products.

ORFYV infection does not influence MHC I-transcription

A semi-quantitative RT-PCR was used to determine
whether ORFV infection might influence the MHC I
mRNA synthesis and thereby reduces MHC I surface

tion was analyzed by gel densitometry. As shown in
Figure 2a, the ratio of MHC I to GAPDH mRNA in
non-infected cells ranged between 0.63 and 0.65 (Lanes
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Figure 2 Effects of ORFV-infection on expression and intracellular

3 4
transport of MHC | . (A) MHC |- and GAPDH-specific RT-PCR was

performed as described in Methods. After gel electrophoresis the amplicon band intensities were quantified by densitometry and their calculated
ratios are indicated below each gel lane. The transcription rate of MHC | was not affected significantly by ORFV infection. (B, upper panel) ORFV
infection affects carbohydrate trimming of MHC 1. Infected (+; m.o.i. 2.0) or not infected (-) cells were labelled with Trans-*> S-Label, lysed at 12,
24 and 36 hpi, and MHC | was immunoprecipitated with W6/32 antibody. The immunoprecipitates were digested with Endo H before separation
by SDS-PAGE. Fluorographs were analyzed using GelEval 1.32 software (FrogDance Software). Endo H-resistant, -sensitive and partially Endo H-
resistant MHC | forms are indicated. (B, lower panel) Infected (+; m.o.i. 1.0) or not infected (-) cells were lysed at 12 hpi, digested with Endo H

and analyzed by Western blots probed with anti-MHC | mAb LY5.1.

2 and 4), which remained almost unaltered 10 or 24 h
after ORFV infection (lanes 1 and 3). Thus, the observed
decrease of MHC I surface expression cannot be attribu-
ted to a prevention or inhibition of MHC I mRNA tran-
scription by ORFV.

ORFYV infection disturbs carbohydrate trimming and
maturation of MHC |

Next we analyzed whether and to what extent intracel-
lular maturation of MHC I along the secretory route
might be affected by ORFV infection. Endoglycosidase
H (Endo H) - cleavage experiments were performed
with anti-MHC I immunoprecipitates from detergent
extracts of biosynthetically labelled, infected or non-
infected Vero cells. Endo H is used to monitor posttran-
slational modification of glycosylated proteins within
the Golgi. The MHC I-attached high mannose oligosac-
charides are modified by a series of different ER and

Golgi enzymes. Endo H is able to cleave oligosacchar-
ides until the medial Golgi enzyme a-mannosidase II
removes two mannose subunits. Since all later carbohy-
drate structures are Endo H-resistant, the enzyme
monitors MHC I maturation within the late secretory
route.

As can be seen from the SDS-PAGE analysis in
Figure 2b upper panel, 12 h after ORFV infection intra-
cellular MHC I-maturation is comparable in infected
and non-infected Vero cells. In both situations we
observed an approximately 1:1 signal ratio between Endo
H-sensitive and -resistant MHC I molecules (Figure 2b
upper panel, compare lanes 1 and 2). An additional
minor species (approximately 10% of total MHC I signal)
of partially resistant MHC I was also visible in infected
cells (Figure 2b, upper panel, lane 2). After 24 and 36 h
of infection, the population of Endo H-resistant MHC I
was almost unaffected whereas the amount of Endo H-
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sensitive MHC I decreased by more than half (Figure 2b
upper panel, lanes 4 and 6) as determined by
densitometric scanning. Most importantly, the latter
phenomenon was linked to a simultaneous increase of
partially Endo H-resistant MHC I molecules by 45 and
55%, respectively. No such formation of unusual MHC I
forms could be observed for non-infected control cells
after 24 or 36 h of incubation (Figure 2b, upper panel,
compare lanes 1, 3 and 5). The distinct behaviour of
MHC I maturation in ORFV-infected cells was also seen
in Western blot experiments, in which lysates of infected
and non-infected Vero cells were assayed by using a dif-
ferent anti-MHC I antibody (mouse mAb, clone LY5.1,
see Figure 2b, lower panel) with apparently higher speci-
ficity for the mature forms of MHC L. The two Endo H-
resistant and -sensitive protein bands found after immu-
noprecipitation (Figure 2b, upper panel) or in Western
blotting (Figure 2b, lower panel) by the two different
anti-MHC I antibodies (W6/32 and LY5.1) most likely
represent different allelic MHC I products expressed in
Vero cells. Taken together, these findings suggest that
ORFV-infection interferes with the functional require-
ments for proper carbohydrate trimming of MHC I
within the cis- and/or medial-Golgi or the transport be-
tween the exocytic compartments.

ORFYV infection results in morphological changes of the
Golgi apparatus

Next, we investigated whether ORFV infection might
affect the secretory pathway and Golgi transport of
MHC I and thereby prevents intracellular trafficking of
newly synthesized MHC I to the cell surface. Therefore,
we analyzed infected cells by confocal immunofluores-
cence after co-staining of intracellular MHC I and Gian-
tin, a main component of the cis- and medial-Golgi. The
results in Figure 3a demonstrate that virus infection
caused substantial changes in the localization patterns of
MHC I and Giantin. Already 10 hpi, MHC I dispersed
into the cytoplasm with a punctuated vesicular structure
(Figure 3a - panel A) continuing to 24 hpi (Figure 3a -
panel G), whereas MHC I in non-infected Vero cells
showed a dense and ring-shaped perinuclear staining
(Figure. 3a - panels D and J).

In non-infected cells, Giantin-staining was character-
ized by a compact perinuclear pattern (Figure 3a -
panels E and K) that disappeared during ORFV infection
and scattered throughout the cytoplasm (Figure 3a -
panels B and H). Simultaneously, co-localization be-
tween Giantin and MHC I, which was clearly seen in
non-infected cells (Figure 3a - panels F and L), was
reduced during virus infection (Figure 3a — panels C and
I) as verified by calculating the coefficient of co-
localization (Pearson value; data not shown). The
ORFV-induced Golgi spreading was also found in AraC-
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treated infected cells (Figure 3a, panels M to R)
indicating the involvement of early ORFV gene(s). The
ORFV-induced dislodgment of Golgi from its original
nucleus-associated location into the cytoplasm could be
confirmed by quantitative analysis of the distances be-
tween Golgi and nucleus in infected and non-infected
cells (Figure 3b). The distance from the centre of the nu-
cleus of each cell to the peripheral fringe of the Golgi
was almost duplicated in infected cells, in the presence
as well as in the absence of AraC, when compared to
non-infected cells, and was highly significant according
to T test (P < 0.0001).

The trans-Golgi network (TGN) represents another
important constituent of the late secretory route
involved in exo- as well as endocytic processes [20]. The
possible influence of ORFV on the TGN structure was
examined with a TGN46-specific antibody. Partial co-
localization between TGN46 and MHC I was visible in
infected and non-infected cells. Similar to Giantin and
MHC I, TGN46 lost its prominent perinuclear distribu-
tion after virus infection in favour of a punctuated ves-
icular pattern within the cytoplasm (Figure 4a, compare
panels A and D, B and E), which was also seen in
infected cells arrested for early gene expression by AraC
(data not shown). Quantitative analysis of the images
(Figure 4b) revealed a significantly increased distance (P
< 0.0001) between TGN and nucleus (17 to 23 pm) in
comparison to non-infected cells (9 to 12 pm). In sum-
mary, in virus infected cells Golgi and TGN are structur-
ally dispersed into the cytoplasm and these processes are
linked to early gene expression.

Influence of ORFV on the intracellular transport of MHC |
molecules

Since ORFV-infection leads to a fragmentation of Golgi,
we explored the viral influence on Golgi-transport of
MHC I. COP-I is a protein complex that coats vesicles
transporting polypeptides between different Golgi com-
partments and from the cis-Golgi back to the ER [21].
Therefore, we analyzed intracellular staining of MHC I
and COP-I-component B-COP in infected and non-
infected cells by fluorescence microscopy. Non-infected
Vero cells displayed a characteristic juxtanuclear staining
pattern of MHC I (Figure 5a - panels D and J) but only
partial intracellular co-labelling of MHC I and B-COP
(Figure 5a - panels F and L). In infected Vero cells a prom-
inent perinuclear and vesicular MHC I-staining was
observed 10 hpi that, however, dispersed into the cyto-
plasm after 24 hpi (Figure 5a - panels A and G). In con-
trast to non-infected cells, MHC I/B-COP co-localization
could be seen for both infection time points (Figure 5a -
panels C and I) confirmed by Pearson value calculation
(data not shown). It must be noted that the non-infected
cells were photographed with longer exposure time for
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Figure 3 ORFV-induced dispersion of the Golgi apparatus. (A) Vero cells were infected (m.o.i. 0.5) and stained with the MHC I-specific mAb
W6/32 (green) and the Giantin antibody specific for Golgi (red) after 10 hpi (panels A-F) and 24 hpi (panels G-L) or 24 hpi in the presence of
AraC (panels M-R). In infected cells MHC | dispersed into the cytoplasm and Golgi structures dispersed into the cytoplasm. Nuclei are stained
blue by DAPI. Representative results of five independent experiments are shown. (B) The distances of the Golgi from the nucleus in non-infected
and infected cells in the presence or absence of AraC were quantified using with AxioVision Rel. 4.8 software. The evaluation of 46 infected cells
(ORFV), 20 infected and AraC-treated cells (ORFV/AraC), and 42 non-infected cells (ni) demonstrates significantly (T test: P < 0.0001) increased
distance between Golgi and cell nucleus in infected cells. Box plots with median percentile were accomplished with GraphPad Prism 5 software.

the sake of better visualization. Additional AraC experi- Given expression levels of B-COP were analyzed by
ments showed that this effect is also controlled by early =~ Western blot experiments in infected and non-infected
ORFYV gene expression (data not shown). cells. Figure 5b demonstrates that the 95 kDa B-COP
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Figure 4 Structural changes of the trans-Golgi network (TGN) after ORFV infection. (A) Infected cells (m.o.i. 0.5) or non-infected cells were
fixed 24 hpi and stained with W6/32 antibody (green) and anti-TGN46 antibody (red) (panels A-F). Partial co-localization of MHC | and TGN can
be seen in infected cells by merging the fluorescent images (merge). Nuclei are stained blue by DAPI. After infection TGN lost its perinuclear
location and moved into the cytoplasm. A representative result of confocal fluorescence microscopy of three experiments is shown. (B) TGN-
dislocation in ORFV infected cells. The distances of the TGN and the nucleus in infected and non-infected cells were quantified using with
AxioVision Rel. 4.8 software (Zeiss). The evaluation of 27 infected and 27 non-infected cells is summarized as box plots and demonstrates an

ni

protein was hardly detectable in cell extracts of non-
infected Vero cells, most likely due to the fact that 3-
COP, like other COP-I components, does not stably exist
out of the coatomer complex [22]. Nevertheless, 24 h
after ORFV infection B-COP was clearly visible with
reduced amounts expressed after 36 hpi suggesting that
the population of stably assembled COP-I structures is
drastically enlarged in infected cells. Comparable protein
loading was controlled by p-actin staining (Figure 5b,
lower panel). Taken together, our findings provide evi-
dence that the amount of MHC I-containing stable
COP-I vesicles increased significantly during the first 24
hours after ORFV infection.

Discussion

The presented study shows that cellular ORFV infection
leads to structural dispersion of the Golgi/TGN com-
partments and enrichment of COP-I vesicular structures.
These processes are accompanied by an increase in the

steady state expression of B-COP (Figure 5b), defective
carbohydrate trimming of MHC I within the Golgi
(Figure 2b), reduction of surface expressed MHC I mole-
cules and a prolonged half-life of pre-existing MHC I on
the plasma membrane (Figure 1). Upcoming studies have
to prove whether the described interferences of ORFV
with the MHC I expression also occur in natural host
cells.

Our findings demonstrate that in ORFV-infected cells
the intra-Golgi- and endosome/TGN-transport of MHC
I was severely disturbed. ORFV seems to utilize early
gene expression to block MHC I export within the late
secretory route and thereby reduces MHC I surface ex-
pression. As shown by our experiments ORFV alters the
perinuclear localization as well as the overall structure
of the Golgi and TGN in infected Vero cells. Similar
effects on the Golgi have also been described for a var-
iety of different viruses. Early gene expression of Vari-
cella zoster virus leads to MHC I down-regulation by
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Figure 5 ORFV-infection interferes with COP-I mediated vesicular transport. (A) MHC | co-localizes with COP-I vesicles after ORFV infection.
In infected cells (m.o.i. 0.5) MHC | was stained with mAb W6/32 (green) and anti-3-COP antibody (red). A representative result of three
experiments at 10 hpi (panels A-F) and 24 hpi (panels G-L) is shown. Cell nuclei are stained blue with DAPI. A distinct co-localization (merge,
yellow) of MHC I and -COP was found in infected cells. Note that non-infected cells had to be photographed with longer exposure times as
infected cells for the sake of better MHC-I/3-COP visualization. (B) ORFV induced expression levels of 3-COP. 3-COP (95 kDa) was detectable by
Western blot analysis in infected cells (m.o.i. 1.0; lanes +) during 24 to 36 hpi. Detection of cellular 3-actin demonstrates comparable protein
loading.

impairing its transport to the cell surface [23]. A late between ER and Golgi stacks as well as the TGN [28].
event in the reproductive cycle of Herpes simplex virus  Recently Tan et al. also observed fragmentation of the
type 1 causes fragmentation and dispersal of the Golgi in ~ Golgi during ORFV infection, and reported the Golgi
infected Vero cells, which coincides with virion assembly  localization of an ORFV envelope protein during late
[24]. The infection with human rhinovirus 1A (HRV-1A)  stage of infection [29]. The authors suggested that it is
induces Golgi-fragmentation into vesicles that appear to  concealed between two Golgi membranes, which are
be used as a substrate for viral RNA replication [25]. forming wrapped mature virions. In the present study,
Another positive-strand RNA virus, the poliovirus, the destruction of the Golgi structure is clearly not
induces dramatic disruption of the Golgi with conse- linked to virus envelope formation since the observed
quences for the secretory complex [26,27]. Furthermore,  structural modifications are also visible in the presence
it is known that vaccinia virus becomes enwrapped by of AraC, which prevents the expression of late ORFV
cisternae derived from the intermediate compartment genes essentially required for the virus envelope.
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ORFV-infected cells are characterized by a reduced
amount of newly synthesized MHC I on the plasma
membrane as well as a prolonged half-life of the
remaining pre-existing surface MHC I molecules
(Figure 1). Down-regulation of MHC I is clearly AraC-
insensitive and thus apparently linked to the expression
of early ORFV genes whereas it cannot be excluded that
the observed MHC I half-life effect might be also con-
trolled by late ORFV gene expression. It is tempting to
speculate that the respective viral gene products target
compartments within the late secretory route. Since
structural and functional integrity of the TGN are
essentially required for endosomal/TGN-trafficking,
the observed disruption of the TGN in infected cells
(Figure 4) might be suspected to interfere with endo-
cytosis as well as endosomal recycling of MHC L. A simi-
lar phenotype has been described for the HPV16 protein
E5 [30], which mediates disruption of the exo- and
endocytic trafficking, including transport of the MHC 1
[30], which causes reduced MHC I surface presentation
and extends the half-life of the remaining MHC I mole-
cules on the plasma membrane (M. R. Knittler, manu-
script in preparation).

The ORFV infection leads to an accumulation of
MHC I in COP-I vesicles (Figure 5a). COP-I is the cyto-
plasmic membrane-coat complex (coatomer) of seven
distinct proteins and is required for both anterograde
and retrograde transport in the secretory pathway
[31,32]. The observation that ORFV infection increases
the cellular expression levels of B-COP (Figure 5b) and
the amount of COP-I vesicular structures suggests inhib-
ition of uncoating of COP-I vesicles by ORFV. The iden-
tification of responsible ORFV protein(s), as found in
Coxsackievirus [33], requires further detailed studies. In
contrast to vaccinia virus, which hijacks the COP-I coat-
omer for viral particle formation [34], no correlation
between accumulation of COP-I vesicles and viral bio-
genesis was observed, since the ORFV-mediated effect
was also detectable in the presence of AraC.

The Endo H-experiments suggest that destruction of
Golgi and TGN structures as well as intracellular accu-
mulation of MHC I in COP-I vesicles is accompanied by
impaired post-ER maturation of the N-linked carbohy-
drates of MHC I. In contrast to non-infected cells, a
substantial amount of the MHC I molecules exhibits
partial Endo H-resistance in ORFV-infected cells indicat-
ing that these molecules are not correctly processed by
carbohydrate-trimming within Golgi. This reminds of
the defective maturation of MHC I in the presence Con-
canamycin B, a specific inhibitor of the vacuolar type H
(+)-ATPase [35], suggesting that ORFV infection not
only affects the intracellular location and structure of
Golgi and TGN, but also the functional pH conditions
within these two compartments.
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In addition to MHC I, ORFV infection also interferes
with the surface expression of the transferrin receptor
(TfR, CD71) (data not shown), which suggests that the
ORFV-induced reduction of MHC I-antigen presenta-
tion is mediated by subversion of the host cell export
machinery and not via specific targeting of MHC I mole-
cules. Thus, one could assume that the ORFV-mediated
modulation of vesicular transport has a more pleiotropic
effect that also includes the reduction of antigen presen-
tation and thereby provides an immune subversion strat-
egy in advantage of the viral pathogen.

ORFV does clearly not interfere with the expression of
MHC I molecules (Figure 2a) but uses an evasion strat-
egy that accumulates newly synthesized MHC I mole-
cules within the late secretory pathway (COP-I vesicles)
possibly to down-modulate MHC I presenting viral anti-
gens (for evasion of a cytotoxic T cell -mediated re-
sponse), while simultaneously increasing the half-lives of
pre-existing self peptide MHC I complexes at the plasma
membrane (for evasion of an NK cell-mediated re-
sponse). This suggests that ORFV like other large DNA
viruses (e.g. Herpesviruses) uses different evasion strat-
egies to interfere with antigen presentation at different
levels of MHC I processing.

Conclusion

We assume that the reduction of surface expressed
MHC I and the impaired structure and function of the
Golgi apparatus, which are possibly controlled by differ-
ent ORFV gene products, independently affect intracel-
lular transport and surface stability of MHC I and
cooperatively undermine immune recognition of ORFV-
infected cells by CTLs as well as NK cells. In view of the
fact that the immunity elicited by ORFV is short-lived,
and animals can be repeatedly infected [2], MHC I sub-
version may contribute to rescuing ORFV from host im-
munity and supporting viral replication in epidermal
cells.

Methods

Cells and virus

The attenuated ORFV strain D1701-V was propagated
and titrated in Vero cells as described [36]. Virus inacti-
vation was achieved with 0.05% (v/v) p-Propiolactone
(Serva) by incubation at 37 °C for 4 h and maintaining
the pH-value of 7.6. After overnight incubation at 4 °C
the supernatant was collected by centrifugation and
plaque assays proved the successful virus inactivation.

Antibodies

The mouse mAb W6/32 specific for HLA-ABC also
recognizing simian MHC I [37] was used for flow cyto-
metry, confocal fluorescence microscopy and immuno-
precipitation. LY5.1 is a mAb recognizing MHC class I
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heavy chains of HLA-ABC (Acris). Antibodies specific
for Giantin, TGN46 and B-COP were purchased from
Abcam, the antibody against f3-actin from Sigma-Aldrich
. The mADb 13 C10 is directed against the 39 K major en-
velope protein of ORFV [38] and was a generous gift of
C. Mclnnes and P. Nettleton (MRI, Pentlands Science
Park, Penicuik, Scotland). As second antibodies we used
anti-mouse FITC-conjugated antibody (Dianova), anti-
mouse Alexa Fluor 488- and Alexa Fluor 555-conjugated
antibodies and anti-rabbit Alexa Fluor 488- and Alexa
Fluor 555-conjugated antibodies (Fisher Scientific, Invi-
trogen) and HRP-conjugated anti-rabbit IgG (Dianova).

Flow cytometry

Vero cells were infected with a m.o.i. of 1.0, harvested
and stained successively with primary antibody and
FITC-conjugated secondary antibody for 30 minutes at
4 °C. Brefeldin A (BFA, Sigma-Aldrich) was used in a
concentration of 10 pug ml™, cytosine arabinoside (AraC,
Sigma-Aldrich) was added (40 pg ml™) during virus in-
fection. For viable cell determination dead cells were
stained with 7-AAD (BD Bioscience) prior to FACS ana-
lyses using a FACSCalibur (BD Bioscience) and Cell-
Quest Pro (BD Bioscience).

RNA isolation and semi-quantitative reverse transcription
PCR

RNA kit (SurePrep True Total RNA Purification Kit,
Fisher Scientific) was used to isolate total RNA from
infected (m.o.i. 1.0) and non-infected Vero cells accord-
ing to the manufacturer's instructions. RNA was treated
with DNase (DNA-free, Ambion) and 300 ng were used
for RT-PCR. Specific RNA of MHC I and Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as a housekeeping
gene was amplified by RT-PCR according to the manufac-
turer's recommendation (OneStep RT-PCR Kit, Qiagen)
in a total volume of 10 pl, using GAPDH-specific primers
at an annealing temperature of 64 °C [39] or using MHC I
generic primers at an annealing temperature of 62 °C [40].
PCR products were taken during the linear phase of amp-
lification, separated by gel electrophoresis and the ampli-
con DNA band intensities were quantified using GelEval
1.32 software (FrogDance Software).

Immunofluorescence

Vero cells were grown and infected (m.o.i. 0.5) in cham-
ber slides (BD Biosciences) and fixed with 2% (v/v)
methanol-free formaldehyde (Pierce, Fisher Scientific) in
PBS and permeabilized with 0.2% (v/v) Triton-X100
(Sigma-Aldrich) in PBS. After 30 minutes blocking at
room temperature in 5% (v/v) FCS in PBS, all antibody
incubations were performed in PBS containing 1% (v/v)
FCS for 30 minutes at 37 °C. F-actin was stained with
Phalloidin-TRITC (Sigma-Aldrich), nuclei were stained
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with DAPI (1 pg ml™”, Sigma-Aldrich) before embedding
of slides in Mowiol-DABCO. Confocal microscopy was
performed with ApoTome confocal fluorescence micro-
scope (Axiovert 200 M; Zeiss) and arranged with Axio-
Vision Rel. 4.8 (Zeiss). The Pearson coefficient showing
degree of colocalization was determined using the pro-
gram CoLocalizer Express (CoLocalizer).

Biosynthetic labelling and immunoprecipitation of
proteins

Cells were starved for one hour in methionine-cysteine
free Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 4 mM L-glutamine and 1 mM Na-
Pyruvate, followed by incubation for additional 12 h in the
presence of 10.5 mCi ml™ Trans->> S-Label (MP Biomedi-
cals). Washed labelled cells were solubilised in PBS con-
taining 1% Triton- X100 (Sigma-Aldrich) on ice for 45
minutes. After centrifugation at 14.000 rpm for 5 minutes
the supernatants were used for immunoprecipitations at
4 °C overnight with anti MHC I mAb W6/32, which has
been coupled directly to cyanogen bromide-activated
sepharose (Amersham Life Sci.). Precipitates were digested
with 10 mU of Endo H (Sigma-Aldrich) for 12 h at 37 °C
and MHC I was eluted with 2.4 M urea, 2% SDS, 20% Gly-
cerine, 125 mM Tris (pH 6.8) for 5 minutes at 95 °C prior
to SDS-PAGE. Following electrophoresis fixed and dried
gels were exposed to X-ray films (Kodak).

SDS-PAGE and western blot analysis

Non-infected and infected (m.o.i. 1.0) cells were dis-
solved with 1% (v/v) Triton- X100 (Sigma-Aldrich) in
PBS for 30 minutes at 4 °C. SDS-PAGE and Western
Blot were performed as reported [41]. All antibodies
were diluted in 1 x RotiBlock (Roth) and for enhanced
chemiluminescence (ECL) the substrate Immobilon
Western HRP (Millipore) was used. X-ray films for ECL
were purchased from Pierce (Fisher Scientific).

Statistical analysis

Statistical significances were evaluated by One-way
ANOVA analysis (Figure 1) or by the T test (Figures 2
and 3) using GraphPad Prism 5 software (La Jolla).
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