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Génération d’un nouveau vaccin pour protéger les volailles contre la 

maladie de Newcastle et l’excrétion virale 

 

RESUME EN FRANÇAIS 

 

Par 

 

LIU Haijin  

 

La maladie de Newcastle est, avec l’influenza aviaire, une des deux pestes aviaires impactant 

fortement la santé des oiseaux d’élevage. Au-delà de l’impact sanitaire, ce sont les 

conséquences liées aux restrictions des mouvements d’animaux et aux mesures de contrôle de 

l’infection qui désorganisent les filières et fragilisent l’équilibre économique des éleveurs et 

des pays, en particulier au sud. La maladie de Newcastle est très largement répandue à 

l’échelle du globe et si elle semble relativement bien contrôlée au nord par l’association de 

vaccinations ciblées de populations d’oiseaux domestiques à risques (exemple des pigeons 

d’élevage en France) et de la surveillance événementielle, elle reste une des premières causes 

de mortalité dans les élevages au sud, en dépit d’un large usage de vaccins. 

La maladie est provoquée par un virus enveloppé à ARN négatif d’environ 80-100 nm, 

appartenant au genre Avulavirus dans la famille Paramyxoviridae. Le génome viral d’un peu 

plus de 15 kilobases, code pour 6 protéines structurales (Figure 1). Trois, la nucléoprotéine 

(N), la phosphoprotéine (P) et la large protéine (L), entrent dans la composition du complexe 

ribonucléoprotéique (RNP) qui est la structure minimale du virus permettant la réplication du 

génome et la synthèse des protéines virales. C’est cette RNP qui doit être reconstituée dans le 

cytoplasme de la cellule pour générer des virus modifiés par génétique inverse. La protéine de 

membrane (M) sert à la formation de la particule virale par son interaction avec la membrane 

cellulaire et les protéines de surface du virion. Les protéines de surface, l’hémagglutinine (HN) 

et la protéine de fusion (F), servent à l’interaction avec un récepteur cellulaire et la fusion des 
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membranes virales et cellulaires pour la libération du génome viral dans le cytoplasme 

cellulaire. 

 

 

 

Figure 1. Représentation schématique de la structure et de la composition du virus de la maladie de Newcastle. 

Le génome de 15 186 à 15 198 bases selon les virus, code pour 6 protéines structurales et deux protéines non 

structurales 

Il existe une grande variabilité de pouvoir pathogène chez les oiseaux, liée aux propriétés 

intrinsèques du virus. Si les déterminants de la virulence semblent multiples et répartis sur 

l’ensemble du génome, il existe toutefois un mécanisme bien décrit qui conditionne à lui seul 

le pouvoir pathogène du virus. Il s’agit du clivage de la protéine de fusion. Dans son état natif, 

la protéine F est un monomère F0 inactif qui pour devenir actif doit être clivé en deux 

sous-unités F1 et F2 liées par un pont difulfide. Cette activation est réalisée par les enzymes 

cellulaires qui reconnaissent un motif situé en positions 112-117. Le type d’enzymes capables 

de faire ce clivage dépend du motif présent. Plus le motif contient des acides aminés basiques 

pus il est facilement clivé par des enzymes ubiquitaires de type furine. Inversement, les motifs 

avec peu d’acides aminés basiques sont essentiellement clivés par des enzymes de type 

trypsine. Or, chez l’animal, ces dernières sont abondantes au niveau des muqueuses alors que 

les furines sont répandues en profondeur dans les organes et tissus : ce qui explique que les 

virus à motif basique, très virulents ou dits vélogènes, ont la capacité à envahir les tissus et 

produire une maladie sévère alors que les virus à motif moins basique, atténués ou lentogènes, 

seront moins invasifs. 
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A ce jour, il n’existe qu’un seul sérotype du virus de la maladie de Newcastle. Autrement dit, 

un animal protégé contre un virus l’est contre tous les autres. Cependant, il existe une grande 

variabilité génétique parmi les virus Newcastle, avec près d’une vingtaine de génotypes 

décrits (Figure 2). Tous les vaccins courants sont dérivés de génotypes anciens (I, II, III ou 

IV), identifiés il y a près de 70 ans. Pour autant, la dérive génétique accumulée depuis lors 

amène à des taux de substitution en nucléotides par site de l’ordre de 20% entre les protéines 

F des anciens et des nouveaux génotypes. Un tel niveau de variation peut interroger en terme 

d’efficacité des vaccins basés sur des anciens génotypes pour lutter contre les souches 

virulentes circulant actuellement. Cette interrogation a été le point de départ de notre travail 

de thèse. Fin des années 2000, le CIRAD a reçu des informations d’Afrique de l’ouest et de 

Madagascar tendant à accréditer l’idée que les vaccins actuels ne seraient que partiellement 

efficaces dans les élevages faisant l’objet d’une vaccination bien conduite. Cette perte 

d’efficacité se manifestait par l’apparition de signes atténués de maladie de Newcastle chez 

des volailles régulièrement vaccinées. Pour confirmer que cette observation pouvait être 

réellement attribuée à une perte d’efficacité du vaccin, le CIRAD en collaboration avec 

l’ANSES a mis en œuvre un essai expérimental sous condition contrôlée visant à évaluer 

l’efficacité d’un vaccin actuel contre un nouveau génotype virulent isolé à Madagascar en 

2008.  
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Figure 2. Arbre phylogénétique de virus Newcastle établi sur la base de la séquence complète du gène F. Les 

virus responsables de la maladie de Newcastle sont principalement regroupés dans la classe II. Les vaccins 

actuels sont à base de souches dérivées des anciens génotypes I, II, III et IV. 
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L’essai réalisé à l’ANSES a permis de vérifier que le vaccin protégeait toujours cliniquement 

les animaux mais qu’en revanche il contrôlait beaucoup moins bien la réplication et la 

ré-excrétion du virus malgache (Figure 3). 

 

 

Figure 3. Des poulets vaccinés par voie oculonasale et intramusculaire avec deux vaccins commerciaux à base 

de souches de génotype II ont été éprouvés soit avec une souche virulente ancienne de génotype IV (Herts), soit 

avec une souche virulente récente de génotype XI, isolée en collaboration par le CIRAD et le FOFIFA-DRZV. 

Dans le premier cas, aucune excrétion virale n’est observée après épreuve avec la souche Herts. En revanche, la 

souche malgache de génotype XI est excrétée plusieurs jours par les animaux vaccinés alors qu’ils ne présentent 

aucune symptomatologie. 

L’objectif initial de cette thèse était de produire un vaccin vivant modifié permettant de 

contrôler l’excrétion virale de plusieurs génotypes virulents, anciens et récents. Pour ce faire, 

nous sommes partis d’un vaccin vivant déjà connu et très largement répandu à l’échelle du 

globe : le vaccin à base de la souche LaSota de génotype II. Puis nous avons envisagé de 

modifier les antigènes immunoprotecteurs HN et F de cette souche par des antigènes 

provenant d’une souche plus récente. Notre choix s’est porté sur une souche de Madagascar 

isolée en 2008 par notre groupe. Cette souche est particulière dans le sens où elle est issue 

d’un génotype IV ancien et porte des motifs antigéniques sur HN et F, intermédiaires entre 

génotypes anciens et nouveaux (Maminiaina et al., 2010). Elle présentait donc à nos yeux un 

profil intéressant pour l’objectif visé. 

MG-725/08 

Herts 
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Dans un premier temps, nous avons adopté la technique de génétique inverse pour générer 

toute une série de virus modifiés. Cette technique est classiquement basée sur l’utilisation de 4 

plasmides permettant de reconstituer une RNP virale dans une cellule sensible à l’infection. 

Un des plasmides comprends le génome complet du virus. Les trois autres plasmides 

fournissent la N, la P et la L. Utilisant cette technologie classique, nous n’avons eu aucun 

problème à générer des virus virulents. En revanche, nous avons été confrontés à des échecs 

pour générer certains virus atténués modifiés. Pour contourner cet obstacle, nous avons dû 

innover et développer un système plus efficace. Nous avons développé un système de 

génétique inverse basé sur 2 plasmides : un contenant le génome complet et un second 

contenant les trois cassettes exprimant N, P et L. Nous démontrons que ce système est plus 

efficace que le système conventionnel pour générer des virus atténués (Figure 4, Liu et al., 

2017) 

 

 

 

 

 

 

 

 

 

 

Figure 4. Efficacité comparative du système conventionnel de génétique inverse et de celui mis au point dans le 

cadre de cette thèse sur neuf virus modifiés (reproduction du tableau 5 de l’article Liu et al., 2017) 

Par ailleurs, nous avons comparé différentes associations à 4, 3, 2 ou 1 plasmides en termes 

d’efficacité en génétique inverse. Nous montrons que c’est le système à 2 plasmides qui est le 

plus efficace (Figure 5) 
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Figure 5. Efficacité comparée de différentes associations de plasmides sur l’expression d’un minigénome EGFP. 

N+P+L = 4 plasmides (minigénome, N, P et L) ; NP+L = 3 plasmides (minigénome, NP, L) ; NL+P = 3 

plasmides (minigénome, NL, P) ; PL+N = 3 plasmides (minigénome, PL, N) ; NPL = 2 plasmides (minigénome, 

NPL) ; MNPL = 1 plasmide (minigénome-NPL). Toutes les associations testées font au moins jeu égal avec le 

système conventionnel à 4 plasmides. Toutefois, c’est le système à 2 plasmides qui détient le meilleur 

rendement. 

Dans un second temps, nous nous sommes intéressés à étudier les propriétés des virus 

modifiés produits. En particulier, nous avons évalué la capacité de ces virus à établir des 

infections persistantes in vitro et à générer des co-infections qui pourraient dans l’absolu 

conduire à des événements de recombinaison indésirables notamment entre souches 

vaccinales et souches virulentes. Pour faciliter ces études, certains de nos virus d’intérêts ont 

été équipés d’une cassette d’expression d’un marqueur fluorescent, soit EGFP, soit mCherry. 

Nous montrons que tous les virus vélogènes ou lentogènes sont capables d’établir des 

infections persistantes en culture cellulaire in vitro. En revanche, une cellule infectée par un 

premier virus ne peut être infectée directement par une seconde particule virale, probablement 

parce que les récepteurs membranaires sont indisponibles : il s’agit d’un mécanisme 

d’exclusion de la surinfection. Toutefois, nous démontrons que les virus établis de façon 

persistante sont capables de gagner une autre cellule, infectée ou non, en guidant la formation 

de connexions cytoplasmiques parfois de longue dimension. Par ce mécanisme, la 

co-infection devient alors possible (Figure 6). 
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Figure 6. Des cellules BHK21 ont été co-infectées par un virus vélogène fluorescent vert (EGFP) et par un virus 

lentogène fluorescent rouge (Cherry). Alors qu’une surinfection directe d’une cellule déjà infectée n’est pas 

possible, nous observons ici qu’une co-infection a été possible entre deux cellules et que celle-ci s’est opérée par 

la formation d’une connexion entre cellules à longue distance permettant le trafic des deux virus (fluorescence 

verte et rouge). 

Ces observations permettent d’expliquer pourquoi les analyses de séquences d’isolats de 

terrain identifient régulièrement des événements de recombinaison entre souches virulentes et 

souches vaccinales. Notre hypothèse est que par le biais d’infections persistantes chez 

l’animal, des surinfections par ce mécanisme de connexions intercellulaire distantes 

pourraient créer les conditions de recombinaisons entre virus. 

Dans la dernière partie de ce travail de thèse, nous nous sommes attachés à vérifier si notre 

prototype vaccinal était capable de contrôler la ré-excrétion après épreuve infectieuse. Le 

vaccin correspond à la souche LaSota dans laquelle les gènes HN et F ont été remplacés par 

ceux de la souche Madagascar MG-725 : il s’agit donc d’une souche hybride génotype II – 

génotype XI. Le gène F de la souche Madagascar ayant à l’origine un motif de site de clivage 

vélogène, nous l’avons modifié en motif lentogène avant insertion dans le vaccin. Dans un 

essai en condition contrôlée, des poulets ont été vaccinés soit avec la souche LaSota 

conventionnelle soit avec notre prototype vaccinal recombinant entre LaSota et MG-725 

(rLaSota/M-Fmu-HN). Trois semaines après vaccination, les animaux ont été éprouvés soit 

avec une souche virulente de génotype II, soit la souche de génotype XI MG-725, soit une 

souche virulente de génotype VII. Nous montrons que les deux vaccins confèrent le même 

niveau de protection clinique contre les trois souches virulentes. En revanche, le prototype 

vaccinal rLaSota/M-Fmu-HN contrôle mieux la réplication des trois souches virulentes. En 
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effet, nous observons sur des poulets sacrifiés trois jours après épreuve que les poulets 

vaccinés LaSota présentent plus de virus génotype II et génotype XI dans le système 

respiratoire que des poulets vaccinés rLaSota/M-Fmu-HN (Figure 7). Par ailleurs, le vaccin 

LaSota a empêché l’excrétion virale dans tous les écouvillons trachéaux et cloacaux de 

poulets à 3, 5, 7 et 10 jours après infection par la souche de génotype VII. Aucun écouvillon 

n’a été trouvé positif chez les poulets vaccinés rLaSota/M-Fmu-HN quelle que soit la souche 

d’épreuve. 

 

 

 

 

 

 

Figure 7. Recherche de virus dans les prélèvements de poulets vaccinés par LaSota, rLaSota/M-Fmu-HN ou non 

vaccinés et érpovés trois semaines plus tard par un virus de génotype XI (graphe de gauche), de génotype II 

(graphe du milieu) ou de génotype VII (graphe de droite). On observe plus de prélèvements positifs chez les 

poulets vaccinés avec LaSota. A noter, qu’aucune présence de virus n’est observée avec l’un ou l’autre des 

vaccins après épreuve infectieuse avec le génotype VII, génotype actuellement dominant, en particulier en Asie. 

Conclusion : 

Dans ce travail de thèse, nous proposons un système de génétique inverse du virus de la 

maladie de Newcastle optimisé pour générer des virus atténués modifiés. Nous pensons que 

ce système peut également améliorer la génétique inverse d’autres virus à ARN négatif. Grâce 

à ce système nous avons pu générer divers virus atténués dont certains équipés d’un traceur 

fluorescent afin de caractériser le comportement de ces virus en culture cellulaire in vitro. 

Après avoir vérifié que le mécanisme d’exclusion de la surinfection existe bien chez le virus 

Newcastle, nous identifions une propriété originale de ce virus consistant à diffuser de cellule 

en cellule par l’établissement de connexions membranaires de longue distance. Par ces 

connexions, le virus est capable de surinfecter une cellule infectée de manière persistante par 

un autre virus, ouvrant la voie à de possibles évènements de recombinaison. Un candidat 

vaccin comprenant l’essentiel du génome de la souche LaSota mais les gènes HN et F d’une 
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souche malgache a été testée in vivo contre trois souches virulentes de génotype II, VII et XI. 

Cette souche s’est montrée moins réplicative que la souche LaSota d’origine mais tout autant 

protectrice. Ces propriétés en font un prototype vaccinal pertinent pour les animaux vaccinés 

et l’environnement. 
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Fig. 1.1. Clinical signs and haemorrhagic lesions in chickens infected by virulent NDV. a) Infected chickens; 

b) Feces; c) Eyelid; d) Thymus; e) Proventricular glands; f) Spleen; g) Cloacal bursa; h)Intestine (5). 

 

1. Newcastle disease 

Newcastle disease (ND) is caused by velogenic strains of Newcastle disease virus (NDV) and 

has large economic impacts in the poultry industry due to its high pathogenicity and animal 

movement bans imposed for the control of the infection (1-3). Chickens infected by virulent 

NDV can show serious clinical signs like diarrhea, nervous and respiratory illnesses, egg 

laying reduction, generation of deformed eggs and mortality (4-6). NDV also causes 

haemorrhagic lesions in the trachea, intestine and proventriculus (5, 7-12).  

 

 

 

 

 

 

 

 

 

Newcastle disease was first described in 1926, in Indonesia and one year later in England in 

Newcastle and then gradually spreads worldwide through bird trade, movement of human and 

wild bird (13-15).  However, an outbreak of this disease was probably observed in 1897 

based on Macpherson’s report and this date of first occurrence is more in agreement with the 

results of molecular dating performed by Yee et al., estimating the time to the most recent 

common ancestor (TMRCA) of NDV between 1868-1891 (13, 16). Since its description, three 

main ND panzootics have successively occurred in the word. The first one started in 1926 and 

vanished in 1960 (1). The second one lasted from 1970 to 1974 and the third one was during 

1980s (1). ND outbreaks have been confirmed in many countries up to now (17). 
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2. Newcastle disease virus (NDV)  

Birds are the main hosts of NDV with at least 234 susceptible species described (18), but the 

virus can also infrequently be isolated from other animals like mink and pig (19, 20). NDV 

belongs to the Avulavirus genus in the Paramyxoviridae family (21). The virion of NDV is 

enveloped and pleiomorphic, ranging from 100 nm to 500 nm in diameter (22, 23). The size 

of viral particle relates to copies of the genome packaged into the particles. Usually, each 

NDV virion only wraps one genome, but some particles can tolerate more than one copy of 

the genome (24, 25).  

The genome of NDV is composed by a non-segmented RNA, negative sense with 15,186, 

15,192 or 15198 bases (26-28). The size of the genome of NDV respects the rule of 6: the 

number of nucleotides in the genome has to be divided by 6 as a consequence of the 

stochiometric interaction between the viral nucleoprotein and the genome (29).  

The genome consists of six gene segments (3’-NP-P-M-F-HN-L-5’) and inserted between the 

Leader and Trailer regions at the 3’ and 5’ terminus which act as promoters for RNA 

transcription and replication. Each gene unit, surrounded by a gene start (GS, 3’- 

UGCCCAUCUU-5’) and gene end (GE, 3’- AAUCUUUUUU-5’) regions, is separated by 

inter-genic residues (30, 31). These genes encode six structural proteins – Nucleocapsid (NP) 

Fig. 1.2. ND outbreaks among the world (15).  
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Fig. 1.3. Phylogenetic tree of paramyxovirus was built by MEGA6 based on L genes of differnet 

virus from paramyxovirus family. 

 

protein, Phosphoprotein (P), Matrix (M) protein, Fusion (F) protein, 

Hemagglutinin-Neuraminidase (HN) protein, Large (L) protein, and two nonstructural 

proteins, V and W due to P gene editing (32, 33). NP protein encapsidates viral RNA to be a 

template for transcription and replication by RNA-dependent RNA polymerase (RdRP) 

consisting of P and L protein. The complex containing viral RNA, NP, P and L proteins is 

named ribonucleoprotein complex (RNP) (34-36). Through the direct interactions with RNP 

and HN, M protein plays a pivotal role in the viral assembly (37, 38). On the surface of viral 

envelope, F and HN proteins are in charge of the virus-receptor interactions and virus entry 

(39-41). Both F and HN are glycoproteins that cause immunity reaction of hosts, notably to 

generate NDV neutralizing antibodies (42-46).  
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3. Newcastle disease virus life cycle. 

NDV life cycle processes start at receptor binding and end at viral budding (15, 47). 

 

 

 

 

 

 

 

 

Fig. 1.4. Virions of NDV and its genome structure (Viral zone: 

http://viralzone.expasy.org/84?outline=all_by_protein). 

Fig. 1.5. NDV life cycle (15) 
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The NDV HN protein interacts with the cell receptor. HN protein is divided into three regions 

based on its structure-one is N-terminal transmembrane domain, another is stalk and the last 

one is C-terminal head (41, 48). On the head of HN, there are two receptor binding sites that 

recognize sialic acids on the cellular membrane (49-51). After binding to its receptor, HN 

initiates a series of changes from “Head-down” to “Head-up” conformation followed by the 

exposure of the F protein stalk region which contains the active fusion sites (52-55). When 

activated, the F protein insert its fusion peptide into the cell membrane and also start 

conformational changes from a pre-fusion to post-fusion structure, which close membranes of 

cell and virus and then fuse them in a pH-dependent manner (56-58).  

 

 

 

 

 

 

 

 

The RNP is released into cytoplasm when fusion is achieved (56). After releasing, RdRp 

complex uses encapsidated RNA as the template to transcribe viral RNA in a “stop-start” 

mode to produce viral proteins from NP to L into the cytoplasm according to a decreasing 

gradient (59-65). P protein as chaperone, interacts with NP to prevent its oligomerization 

until the virus genome RNA is encapsidated (66, 67). After post-translational modifications, 

M protein is transported to the inner layer of cell membrane while F and HN proteins display 

on the cell surface (37, 68). RdRp changes its role from transcription to generate viral 

negative RNA using the positive RNA strand as template, followed by viral RNA and NP 

protein encapsidation (61, 62). Finally, RNP complexes move to the plasma membrane to be 

assembled with the other viral proteins under the guidance of M for viral budding (15, 47, 68).  

 

Fig. 1.6. HN protein conformation before and after receptor recognition (54).  
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4. Newcastle disease virus virulence 

Based on mortality of chicken embryo and clinical signs observed in chickens, NDV is 

divided into three pathotypes: velogenic, mesogenic (pathogenic strains) and lentogenic 

(apathogenic strain). Usually, the mean death time (MDT) of embryonated chicken eggs and 

the intracerebral pathogenicity index (ICPI) in one-day-old chickens are used to assess NDV 

virulence. Velogenic strains have MDT lower than 60 hours (<60 h) and ICPI around 2.0, 

while MDT is beyond 90 hours (>90h) and IPCI approaches 0.0 for lentogenic strains (69).  

The cleavage site of F protein plays a major role for the NDV virulence (31, 70, 71). F protein 

is synthesized and glycosylated in the endoplasmic reticulum as an inactive F0 precursor 

shifted to an active F protein after cleavage by cellular proteases resulting into a 

disulfide-linked F1 and F2 sub-units. F1 and F2 are necessary for viral infection (72, 73). The 

lentogenic strains usually own a cleavage motif with dual-basic amino acids which can be 

only cleaved by trypsin-like proteases located in the respiratory and intestinal tract. In contrast, 

the cleavage site of velogenic strains has multi-basic amino acids which are recognized by 

ubiquitous furin-like proteases (74). Consequently, virulent strains are fatal for chickens due 

Fig. 1.7. F protein conformation during fusion steps (56). 
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to systemic infection. Modifications of the cleavage motif of velogenic viruses to that of 

lentogenic strains significantly attenuate the virus virulence (31). In addition, the replication 

of lentogenic viruses in chickens, often leads to the emergence of velogenic variants by the 

accumulation of multi-basic amino-acids in the cleavage site (75-77).  

Despite the fact that the F protein cleavage site is considered as the primary determinant of 

NDV virulence, significant differences in virulence can exist between strains having the same 

velogenic F cleavage site. In addition, some NDV strain from pigeon or dove (PPMV-1) with 

muti-basic amino acids can be lentogenic on chickens (78-80). These observations indicate 

that other factors can be also involved in NDV virulence (81). Replacement of whole F 

protein of a mesogenic strain by that of a velogenic PPMV-1 strain decrease ICPI from 1.36 

to 0.60, even though both F proteins contain polybasic amino acids (82). Exchange or 

modification of NP, P, L, M or HN proteins between velogenic and lentogenic strains can 

decrease or increase the pathogenicity of viruses (33-36, 83-88). V protein antagonizes the 

host interferon response induced by viral infection. Consequently, the inactivation of the 

expression of V protein decreases the viral virulence while the restoration of its expression 

results in reversion to virulence (89-92). Interestingly, non-coding inter-genic regions of viral 

genome can also affect viral pathogenicity (28, 93-95). 

 

 

 

 

 

 

 

  

 

5. Newcastle disease virus transmission 

Fig. 1.8. Impacts of each protein on NDV virulence (81).  
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5.1 Transmission between hosts 

Since infected birds excrete NDV in feces and oculo-nasal secretions, NDV transmits mainly 

horizontally by direct contact between infected and uninfected birds within the same flock (7, 

96-98). Furthermore, NDV can transmit to offspring via chicken embryos and is able to 

transmit from parental to descendant cells in persistently infected (PI) cells (99-103). Even if 

NDV easily loses its infectivity under exposure to high temperatures and irradiation of 

sunlight, the high virus load and relative persistence of the virus in birds’ bodily discharges, 

feathers and other materials can be source of distant spread of the infection by human 

activities between different flocks (98, 104-107). Contacts between wild and yard birds is 

another route for viral transmission (108, 109). Some infected exotic birds shed NDV without 

clinical symptoms and spread virus to other birds located in remote areas (110, 111).  

5.2  Transmission between cells 

Virus can spreads among cells though two ways. One is the cell-free virus-cell route that 

requires an initial complete virus life cycle releasing progeny viruses into the cell-medium 

capable of infecting new susceptible cells. The second transmission route is a direct cell-cell 

spread without the release of virus particles into the culture medium (112-114). Since cultured 

cells lack trypsin-like proteases, the F protein cleavage motif with dual-basic amino acids 

cannot be activated. Consequently, lentogenic strains transmit and amplify much lower than 

velogenic strains in cultured cells (31, 115). Cells infected by virulent strains release a high 

number of viral particles outside the cells (115). These suggest that NDV, in favorable 

conditions, spreads primarily through the route of cell-free virus-cell among cells. 

NDV can also take a cell-cell route for spreading, notably through the constitution of cell 

syncytia (116). Syncytia are resulting from the virus infection that induces the fusion of 

different cells and forms giant cells containing several nucleuses (55). The formation of 

syncytium requires the activation of F protein and allows virus transmission to surrounding 

connecting cells (117).  

In addition to syncytia, some viruses use cell connections to spread from one cell to another 

one (113). These cell connections can be preexisting cell appendices like for instance the 

axons and neurological synapses used by the measles virus to transmit between neuronal cells 

(118, 119). In other cases, viral proteins are required to shape cell connections for viral spread. 

The murine leukemia virus, for example, expresses viral envelope protein to build cell-cell 
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contact for virus transmission (120). Furthermore, due to actin rearrangement, cells can be 

induced in the production of cell extensions after infection by some viruses, such as 

respiratory syncytial virus, human metapneumovirus, influenza virus and parainfluenza virus 

5 (121-123). However, for NDV and at the beginning of this work, it was still unclear whether 

the virus could spread via a direct cell-to-cell route.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.10. Model for virus transmission among cells via the cell-to-cell route (121). 

Fig. 1.9. Syncytium formed on BHK-21 cells persistently infected with the recombinant NDV – MG_725 

strain expressing EGFP (From this thesis). 
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5.3 Assets of the cell-cell transmission route for the virus. 

Since the cell-cell transmission can maintain an infection without the release of viral particles, 

it assists the virus in escaping the host immune response based on neutralizing antibodies 

(124). In addition, the cell-cell route can allow the transmission of incomplete viruses, thus 

saving the time and costs for a full virus cycle to release free particles (125).  

Another possibly interesting feature for the virus is the capacity of the cell-cell transmission 

to circumvent the superinfection exclusion and promote co-infection and evolution by 

recombination events. Indeed, recombination events have been detected by sequence 

comparisons in NDV (13, 126). Whether this is resulting from a natural biological process 

remains to be established and at least requires that the two parental viruses infect the same 

cell at the same time. However, co-infection is inhibited by the superinfection exclusion due 

to receptor destroyed or taken up by the first virus infection (127, 128). Since virus can be 

directly transmitted from infected cells to others though the cell-cell route, virus infection 

bypasses the step of receptor interaction. Thus, super-infection or co-infection could occur 

under the condition of cell-cell transmission. 

Furthermore, birds can shed NDV for a long time (sometimes up to 3 weeks) after initial 

infection, even if the host has generated NDV neutralizing antibodies against viral re-infection 

(7, 129).  NDV strains antigenically distinct from the first infecting virus can still 

successfully infect and replicate in chickens without inducing morbidity (130, 131). If the 

second strain can spread among cells of the immunized chicken via the cell-cell route, it may 

encounter a cell already infected by the first virus and then create a condition which may 

allow NDV recombination. 

6. Genotyping and evolution of Newcastle disease viruses. 

Based on sequence analyses of the F gene (position 47 to 421), NDV strains have been split 

into two clades - Class I and II (1, 132). Class I strains are mostly lentogenic viruses isolated 

from water birds, while Class II strains consists of viruses of different virulence, affecting 

different avian hosts and being responsible for the ND outbreaks (133). Although the 

purifying selection has been considered as the main driving force in the evolution of NDV, 

the evolutionary rate of Class II virus genome is around 10
-3

 (per site per year) that is similar 

to other RNA viruses (13, 132). Under this evolution rate, Class II NDV strains have involved 

into multiple genotypes in the last 100 years. The current genotyping is based on the F gene 

sequences (134).  
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From 1920s to 1960s, only genotypes I-IV (considered as the old genotypes) and IX were 

identified and virulent strains from these genotypes were responsible for the first ND 

panzootics (1). Since 1960s, genotypes V- XVIII (recent genotypes) have been isolated (133). 

Genotypes V and VI caused the second and the third panzootics, respectively (135). 

Fig. 1.11. NDV genotypes based on F gene (133).  
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Nowadays, most ND outbreaks, particularly in Asia, are due to genotype VII (133). Besides 

differences in the F gene sequences, an obvious difference between old and recent genotypes 

lays in the genome size. The genome of old genotypes has 15,186 bases whereas new 

genotypes have an insertion of 6 nucleotides into the 5’ un-translated region of NP gene (136). 

Some recent isolates of genotype VII strains also show another insertion of a stretch of 6 

nucleotides into the inter-genic region between HN and L (26).  

Among NDV strains, the genotype XI was recently identified in Madagascar Island. This 

genotype is interesting since it is present only in Madagascar, probably at least from 1992 and 

is currently responsible for most ND outbreaks in the island even though genotype VII is also 

present (136). Based on phylogenetic and evolutionary analyses, genotype XI is very distant 

from currently circulating genotypes and is presumed to have emerged from the old genotype 

IV that has now vanished from the planet (136). Furthermore, genotype XI viruses has unique 

amino acid motifs exposed at the globular head of the F and HN proteins, which suggests this 

genotype has evolved in a specific direction under the pressure of the host immune system in 

a context of vaccination in domestic poultry with attenuated old-genotype strains (136, 137). 

7.Newcastle disease vaccines 

Vaccination is currently the most effective mean to control ND (138). Currently, live and 

inactivated ND vaccines are used around the world. Inactivated vaccines are safe for the 

animals and environment, but the administration is not suitable for large flocks since it 

requires intramuscular injections with adjuvant and the cell immunogenicity is weak (139). 

Live vaccines are much more efficient since they can be easily administrated though spray 

and drinking water, and also induce stronger immune responses (17). Even if they are 

produced from highly attenuated strains, they still represent a risk of release into the 

environment (140). However, live vaccines are widely applied in commercial poultry farms. 

The first live ND vaccine was licensed in 1950s. Currently, ND vaccines are based on 

lentogenic viruses from genotype I (V4 and Ulster strains) and also genotype II (LaSota, B1, 

VG/GA and Clone 30 strains) One live vaccine, was generated from the mesogenic 

Mukteswar strain (genotype III) but it still has a residual risk in younger birds, causing 

morbidity, and is only recommended in chickens of at least four-weeks of age. Even if live 

vaccines contribute a lot to prevent NDV, there are still many ND outbreaks around the world, 

suggesting that ND vaccination and/or vaccine efficacy still needs to be improved (17). 
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7.1 Increasing vaccine’s thermal stability. 

One of the reasons why the ND vaccination may partly fail in the field could be related to the 

thermal susceptibility of the attenuated strains and the difficulty to maintain a cold chain in 

tropical and sub-tropical countries.  For these reasons, the thermostability of NDV vaccine 

strains has been improved and then used in licensed live vaccines (141). Derived from the 

parental V4 strain, the I-2 strain has a better thermostability and is now licensed in Australia 

(142, 143). Other thermostable NDV strains have been identified showing stable infective 

titers after heating at 56  for one hour (144). Furthermore, one thermostable strain has 

been proved to 100% protect chicken from virulent challenge (145). In addition, replacing the 

HN gene of thermolabile Lasota strain by the one of thermostable TS09-C strain (derived 

from passaging V4 strain in BHK-21 cells at high temperature) increased the virus thermal 

stability with virus activity maintained up to 16 days at 30  (146-148). In addition, this 

modified strain also prevents chicken from ND in in vivo tests.  

7.2  Inducing earlier protection in commercial flocks. 

After vaccination, chickens need days to mount a full protective immunity to prevent NDV 

infection (149). In blood, antibodies are detected starting at six days and peaks around 21 days 

after vaccination (150-152). During this period, vaccinated chickens remain susceptible and 

can be infected. In order to reduce the period into which chickens are not protected, in ovo 

vaccination using live vaccines has been proposed (153, 154). The vaccine is directly injected 

into embryos to allow the immune system to develop a protective immunity in the early days 

after hatching. The in-ovo vaccination is already in place against Marek's disease in the USA 

(155, 156). A hurdle to use in ovo vaccination against ND is the residual virulence of 

attenuated vaccine strains for the embryos. At the moment, several commercialized ND live 

vaccines can cause morbidity in chicken embryos and also significantly affect hatch ability 

and survival rate after hatch (157, 158). However, attenuated strains suitable for in ovo 

vaccine have been developed. One of them is a recombinant NDV strain that keeps a high 

hatchability and global survival rate after injection into 18-day old chicken embryos. It also 

protects 100% of chickens against a lethal NDV challenge (158). Furthermore, after in ovo 

vaccination with 5.7 Log10 EID50 dose, the modified NDV-P1 strain was able to 

down-regulate the V protein expression, maintains 90% and 85% hatchability and survival 

rate, respectively, and also blocks the virulent NDV infection at two-week after hatch (157). 

Recently, another improved strain named TS09-C not only showed the same capabilities than 
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the NDV-P1 strain, but also prevented histopathologic lesions in vaccinated chickens 

compared to the parental V4 strain (159). Another possibility to prevent undesirable side 

effects of in ovo vaccination is to mix the live vaccine and antibodies to obtain 

antigen-antibody complexes that enhance hatch ability and protect chickens from virulent 

strain challenge (160). 

7.3  Resisting maternal antibody. 

Another option to improve vaccination in the field is to circumvent the interference of 

maternal antibodies on the replication of attenuated vaccine strains (161). Chickens have three 

isotypes of antibodies, IgY, IgA and IgM. In the chicken plasma, IgY is the predominant 

antibody that is transferred from hens to chicken embryos via the egg yolk and then to chicks 

through the embryo (162). Even if the transfer efficiency is approximate 30%, chicks can 

maintain NDV maternal antibodies for around 30 days (162, 163). Live vaccines delivered 

into host by nanoparticles are able to escape neutralizing by maternal antibodies (164). 

Chitosan with very low toxicity is used as the material of nanoparticles carriers and can be 

administered by multiple routes including oral, intranasal-drop (165, 166). One-day old chicks 

immunized by attenuated NDV encapsulated in chitosan generate more NDV special IgY and 

IgA antibodies in serum and show better protection level than those of commercial live 

vaccine (167). Beyond nanoparticles, some cytokines also can help virus in resisting maternal 

antibodies. The granulocyte-macrophage colony-stimulating factor (GM-CSF) improves 

vaccine immunogenicity by recruiting more dendritic and B cells (168). A recombinant 

lentogenic NDV, expressing GM-CSF, induced higher antibodies in the vaccinees compared 

to the parent Clone 30 strain, regardless the presence of maternal antibodies before the 

vaccination (169). 

7.4 Matching antigens of vaccine strains with circulating strains. 

NDV is described as a single serotype, which suggests that any vaccine strain can protect 

chickens against any virulent virus. This is currently what is observed in terms of clinical 

protection (170). However, a clinical protection does not mean that current commercial 

vaccines are able to totally prevent virus infection and subsequent viral shedding by 

vaccinated chickens. Extents of viral shedding vary among birds and virulent strains (26, 130, 

131, 171). In case that chickens produce enough NDV neutralizing antibodies, protection 

against viral shedding properly relates to the extent of antigenic community between the 

vaccine and virulent challenge strains (172). The F protein is the most immunogenic antigen 
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Fig. 1.12. Diversity of F gene of different genotypes (133).  

 

of NDV and is able to induce neutralizing antibodies (45, 46). Consequently, the 

cross-protection mainly depends on the F gene diversity between strains. In Class II, the 

diversity of F gene ranges from 8% to 29% among the 18 genotypes currently described (133). 

To date, all commercial attenuated live vaccines are generated based on old genotypes (I and 

II) strains (isolated 70 years ago). The F gene diversity between currently circulating virulent 

strains (genotypes V – VII, XI – XVIII) and vaccine strains is beyond 16% (133). 

Consequently, current commercial live vaccines cannot prevent current virulent strains from 

viral shedding even in optimized conditions of vaccination.  

 

 

 

 

 

 

 

 

 

It is also suggested that a strong herd immunity can only be achieved if a high proportion of 

birds (>85%) have a high antibody titre (log2 haemagglutination inhibition titre ≥3) after 

vaccination (96, 173). The viral shedding allows virulent strains circulating in immunized 

flocks. When the herd immunity decreases, and circulating strains are distant from the vaccine 

strain, then ND outbreaks may occur, which may be one of the reasons why farmers complain 

about vaccine failure in some countries (17). Therefore, generation of antigenically matched 

and improved vaccines is quite important to inhibit the viral shedding by currently circulating 

virulent strains and then properly control ND outbreaks. 

Several homologous live vaccines made of a recent genotype have been developed. All of 

them not only fully protect chickens from ND, but also block the viral shedding after lethal 

challenge with genotype matched strains. According to our knowledge, all these live vaccines 
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were generated from genotype VII strains and their protection ability against viral shedding 

was only tested using a virulent strain from the same genotypes (115, 174, 175). It is unclear 

whether those vaccines have efficiency to prevent virus shedding against the most recent 

circulating NDV genotypes including genotypes XI, XIV, XVII and XVIII. In Madagascar, 

genotype XI strains have been responsible for outbreaks for at least 25 years (133). Based on 

F gene, the diversity between genotypes XI and I, II and VII is up to 20%, 23% and 25%, 

respectively, which suggests that the current commercial living vaccines cannot prevent viral 

shedding from genotypes XI strains. Similarly, vaccines based on genotype VII strains may 

experience similar problem, ie they are not able to prevent an excretion of a virulent strain of 

genotype XI. Consequently, generating a live vaccine based on genotypes XI strain may be 

important to control ND outbreaks due to virulent genotypes XI viruses. However, all isolated 

genotypes XI are velogenic strains with five basic amino acids at the cleavage motif of F 

protein and cannot be directly used as candidate live vaccines (133, 137). Thus, the first step 

is to attenuate virus by modifying the cleavage motif into a lentogenic-like motif by reverse 

genetics. 

8. Reverse genetics. 

Reverse genetics has been used for decades to rescue RNA viruses (176). The systems vary 

according to the virus genome characters (177). Rescuing positive-sense-non-segment virus is 

simple, because the genome is an RNA molecule directly translated into proteins by the cell 

(178, 179). Consequently, a genomic cDNA is sufficient to generate infectious viruses. In 

contrast, rescuing negative-sense-non-segmented virus (NSNSV), such as NDV, is more 

complex. The cDNA derived from the genome has to be designed to produce both the viral 

proteins and the negative-sense RNA virus genome. The basic principle of the technology to 

be used with negative RNA viruses lies on the generation of a copy of the virus genome and a 

ribonucleoprotein (RNP) complex, consisting of  the viral RNA dependent RNA polymerase 

or RdRP which is the large (L) protein, and two others protein, the nucleoprotein N and the 

phosphoprotein P (179). The first NDV strain was rescued in 1999. Since then, a large 

number of modified strains have been rescued by reverse genetics (31). 

8.1 NDV revers genetics system 

The conventional system consists of four plasmids and one eukaryotic cell line. The four 

plasmids are consist of a plasmid with the full viral genome in a positive orientation 

(pFull-genome) and three plasmids pN, pP and pL which encode NP, P and L, respectively 
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(31). Due to the size of NDV genome, around 15 Kb, the generation of the pFull-genome 

plasmid remains tricky. So far, there are three methods used for the generation of this plasmid 

(180). The first one is based on the use of restriction enzymes (RE). The viral full genome is 

amplified in different fragments by RT-PCR, which are successively assembled with RE 

between the promoter and terminator of the virus into a plasmid backbone (31). The 

disadvantage of this strategy is the need of selecting unique RE sites that are not already 

present in the virus genome. Some viral genomes have to be modified to generate unique RE 

sites for cloning and multi-cloning steps and this requires intensive and time-consuming 

laboratory work. However, its high success rate and reliable operation, RE method remains 

the most popular way for the construction of a pFull-genome plasmid. The second approach 

depends on In-Fusion PCR technology (181). Using this method, the viral genome is usually 

divided into three fragments by RT-PCR. There are 20 bp overlapping regions between those 

fragments based on genome order, which are ligated based on these 20 bp overlap regions into 

competent cells to get the pFull-genome plasmid. Even though this method does not require 

any modifications on the viral genome and saves time, the success rate of getting a correct 

pFull-genome is low due to recurrent rearrangements occurring in competent cells (182, 183). 

The third approach is based on the generation of a full DNA copy of the viral genome by 

chemical synthesis (180). This copy is then cloned into a plasmid via RE. This technology is 

more expensive and must be repeated for each strain. In contrast to the generation of a 

pFull-genome plasmid, the construction of pN, pP and pL is much easier. NP, P and L gene 

are amplified from viral RNA by RT-PCR and then cloned by RE into the plasmid, between 

the promoter and terminator. For the final rescue of the virus, the four plasmids generated are 

co-transfected into eukaryotic cells with different weight ratios. 

 

 

 

 

 

 

 Fig 1.13. NDV reverse genetics system. 
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8.2 Application of NDV reverse genetics  

Reverse genetics allow modifying viral genomes and generating recombinant viruses. 

Therefore, it has been widely used to explore NDV virulence related factors (184, 185). By 

reverse genetics, the F protein cleavage site, V protein, L protein and RNP complex, have 

been confirmed as playing roles in NDV virulence (31, 36, 91). From this information, 

velogenic strains were attenuated by reverse genetics to produce antigenic matching ND 

vaccines (115). In addition, the NDV genome can afford an insertion of exogenous sequence 

with a size higher than 3kb (25). Via reverse genetic, recombinant NDV strains have been 

generated to serve as vectors to express foreign antigens. Thus, multivalent vaccines were 

produced like rNDV-influenza or NDV-human immunodeficiency virus (186-189). Since 

some NDV strains exhibit oncolytic activity, modified viruses with improved anti-tumoral 

capacities have been produced by reverse genetics with a long-term objective to be used in 

anti-cancer therapy (190, 191).  

8.3  Improvement of NDV reverse genetics 

8.3.1 Improvement of promoter from T7 to CMV. 

In the first approach for NDV reverse genetics, the full genome of NDV was assembled 

directly downstream to the T7 promoter that is specifically recognized by T7 RNA 

polymerase (T7poly). In order to increase the transcription efficiency, three G nucleotides are 

added before the 3’-end promoter of the viral full genome, which results in the extension of 

the genome size by three additional nucleotides at the 3’-end of the genome (31). Those extra 

nucleotides can be eliminated by the hammerhead ribozyme which is inserted before the viral 

full genome in the plasmids. Even if this hammerhead ribozyme does not improve the 

rescuing efficiency for NDV, it has been shown to enhance the rescuing virus titer for other 

paramyxoviruses (192, 193). The use of the T7 promote requires the expression of T7 

polymerase into the eukaryotic cells used for the virus rescue. To do so, the T7 polymerase 

has to be provided by other expression systems-a recombinant virus, plasmid transfected cells 

or T7 gene transgenic cells (31, 194, 195). This expression system has made more complex 

the reverse genetics and has probably impacted the throughput of the technology. Therefore, 

alternative systems to express the virus genome have been developed. Alternative promoters, 

like the promoter of human cytomegalovirus (CMV), have been successfully proposed (196). 

Under the CMV promoter, several NDVs have been rescued, including lentogenic and 

velogenic strains (195, 197, 198).  
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8.3.2 Improving the rescuing efficiency of NDV 

A high rescuing efficiency system is necessary as long as the NDV reverse genetics is broadly 

used in many fields. However, since its first development in the 90’s, there has not been a 

generally acknowledged improvement of NDV reverse genetics with obvious higher rescuing 

yield. Furthermore, the number of plasmids to be used in reverse genetics varies according to 

the virus. For example, reverse genetics developed for classical swine fever virus only uses 

one plasmid, while for the influenza virus it may consist of up to twelve (179, 199). The key 

point for successful rescuing of the virus is the efficient co-transfection of the plasmids into 

the same cell. However, the co-transfection of different plasmids with different sizes into the 

same cell is really tricky. Therefore, the decrease of the number of plasmids to be used is 

supposed to enhance the efficacy of reverse genetics. For the influenza virus, the reduction of 

plasmids from 12 to 8, 8 to 3, or 3 to 1 has resulted in an enhancement in terms of the rescued 

virus titer and the overall rescuing yield (199-201). Furthermore, decreasing plasmids number 

from 10 to 4 in the reverse genetics of orthoreovirus also increased the titer of the rescued 

virus of about 2 Log10 (202). Decreasing the number of plasmids was also useful for 

generating a plant negative-strand RNA virus (203). In that case, the 2-plasmid strategy 

increases the rescuing efficiency from 5.3 to 12.4% compared to the conventional 4-plasmid 

system. Before we started this study, reverse genetics system included four plasmids, which 

had failed in rescuing some strains (204). 
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Abstract 

Viruses from different families have been rescued by reverse genetics which usually consist 

of the transfection of cells with plasmids containing virus cDNA sequences that initiate the 

first minimum steps to achieve a complete cycle of virus replication. The number of initial 

steps to achieve and consequently the number of plasmids to be used depend on the viral 

genome. For positive single-strand RNA virus, the rescuing system uses only one plasmid that 

convert cDNA into a viral RNA genome expressed and replicated by the cell. In contrast, the 

number of plasmids can be high up to twelve, for segmented negative-–RNA viruses like 

influenza. Some authors have shown that the lower plasmid number, the higher efficiency of 

the reverse genetics for segmented RNA or DNA viruses. However, it is unclear if the number 

of plasmids affects the efficiency of reverse genetics for negative--single-strand RNA viruses, 

such as Newcastle disease virus (NDV). To address this issue, six variants of NDV reverse 

genetic systems have been established, based on one, two, three or four plasmids, and 

compared in cell culture. In terms of mini-genome and full-genome rescue, we show that only 

the 2-plasmid system was able to improve the rescue efficiency compared to the conventional 

4-plasmid system. These results may contribute to establish and improve reverse genetics for 

other mononegaviruses.  

Introduction 

The genetic material of Mononegavirales consists of a negative-sense single-stranded RNA 

(1). Replication of this viral genome requires an intermediate molecule of positive-sense RNA 

that can only be generated by a viral RNA-dependent RNA polymerase (RdRp) (2-6). RdRp 

includes different viral proteins which varies within the order Mononegavirales. It usually 

contains P and L proteins for paramyxoviruses (7-10) but  more proteins are required for 

some viruses, such as VP30 and VP35 for Ebolavirus and M2-1 for human metapneumovirus 

(11, 12). The reverse genetics system must mimic viral transcription and replication to 

generate viral particles from genome, so it has to reproduce a ribonucleoprotein complex 

(RNP) which is the minimal molecular complex of the virus that can replicate virus particles 

into the cell. The RNP is made of a viral genome enwrapped by the nucleocapsid (N) and the 

RdRp proteins, as well. Consequently,  the rescue system of Mononegavirales is far more 

complex than that of positive-sense single-stranded RNA viruses (13).  
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 Reverse genetics has been extensively used in virology since it allows genome editing, 

including insertions, deletions, mutations, which are essential manipulations in vaccinology, 

virus vectorization, biology and pathogenesis studies, etc. (13-15). Generating modified 

mononegaviruses which can re-infect and grow on cells has been achieved for long by current 

systems with high efficiency (13, 15). However, these systems can fail in rescuing defective 

virus particles (16). Furthermore, the current reverse genetics systems have low efficiency  

for mini-genome expression, which may induces discrepant results in experiments based on 

mini-genome compared to experiments with full-genomes (17-19). Xiao-hui Yu reported that 

the replacement of L protein significantly decreased the performances of RdRp in 

mini-genome expression, while it did not decrease the replication ability of Newcastle disease 

virus (NDV) strain bearing this L protein (20). In another study, the outcome was the opposite, 

one NDV strain’s RdRp working well on the mini-genome expression, but was bad in terms 

of viral replication (21). All these observations suggest that there is space for improving the 

performances of the current reverse genetics systems for mononegavirus rescue.  

Since the first mononegavirus rescue, achieved in 1994 on the rabies virus (22), many other 

viruses from different have been recovered by using the same or a very similar strategy (13). 

Some improvements have been introduced in the reverse genetics technology in the last 

twenty years. Firstly, the T7 promoter has substituted by other promoters, such as the human 

cytomegalovirus promoter (CMV), which are directly recognized by Eukaryotic RNA 

polymerases. This overcomes the constraint of the introduction of a T7 RNA polymerase in 

the system to initiate the initial expression of the viral genome. Usually, the T7 polymerase 

was provided either by the addition of a recombinant virus, the transfection a an additional 

plasmid of the development and T7 gene transgenic cell lines (23, 24). Another improvement 

consisted in the introduction of a hammer-head ribozyme derived from the human Hepatitis C 

virus, placed immediately upstream of the 5’-end of the viral anti-genome in order to generate 

an exact 5’-end. This modification increased the rescue efficiency for some viruses, such as 

Nipah virus (25). For segmented RNA viruses, number of plasmids has starkly affected the 

rescuing efficiency. Accordingly, decreasing the number of plasmids from 12 to 3 has 

enhanced the titer of a rescued influenza virus from  less than 10 TCID50/ml up to 3.7×10
4 
on 

Vero cells (26). Similarly, one-plasmid improved the rescued of an influenza virus by 6-fold 

on CEF cells compared to 8 plasmids (27). Another study confirmed that the system based on 

one-plasmid allowed the rescue of an influenza virus with high titer on MDCK cells, while 

the 3-plasmid system just failed (28). A mammalian orthoreovirus, which is a double-stranded 
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RNA virus, was also recovered one day earlier with the use of 4 instead of 10 plasmids (29). 

It is surprising that the reduction of the number of plasmids used in the rescue of animal 

mononegaviruses was never tried before. In this study, we developed and compared several 

reverse genetics systems based on different numbers of plasmids to rescue NDV strains as 

models for mononegaviruses. We conclude that the method based on 2-plasmids provide the 

best performances in in viral rescue, while other systems have similar rescuing efficiency as 

the conventional 4-plasmid system.   

Materials and Methods  

1. Cells  

Baby hamster kidney (BHK-21) cells were grown in Eagle’s minimum essential medium 

(Gibco) with 10% fetal bovine serum (PAN-Biotch) and cultured at 37°C with 5% CO2. 

Chemically competent cells E.coli 10-beta strains were purchased from New England 

Biolabs (NEB). 

2. Plasmid constructions. 

In total, 11 constructions were made either with a single cassette, various combinations of 

cassettes expressing the viral proteins NP, P and L, a mini-genome or a full-genome, all 

placed downstream a human cytomegalovirus promoter (pCMV). The mini-genome 

consisting of a pCMV placed upstream of EGFP reporter gene flanked by the NDV leader and 

trailer, all in reverse orientation. The leader, the trailer, the NP, P and L sequences and the 

full-genome were all derived from a Madagascar NDV strain (MG-725) (Fig. 2.1). All these 

plasmids were purified with the Quick Plasmid Miniprep kit (Invitrogen) and the EndoFree 

plasmid Maxi kit (QIAGEN), aliquoted and stored at -20°C. 

To ease the cloning step of the plasmid constructs, a quick and convenient method was also 

adopted and validated to screen clones after transformation (Fig. 2.2A). Single bacterium 

clones were picked into 500 μL liquid Luria-Bertani (LB) medium containing ampicillin 

(100μg/ml) and cultured overnight at 30°C 200 rpm. Then, 40 μL of the cultured medium 

were mixed with 10 μL of distilled water, 10 μL of 10  Gel Loading Buffer and 40 μL of 

Phenol:Chloroform:Isoamyl Alcohol (25:24:1) (SIGMA) , vortexed for 10 seconds and finally 

centrifuged at 16,000g for 5 minutes. Twenty μL of the supernatants were loaded on gel for 

electrophoresis (Fig. 2.2A) (30). 
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3. Assessment of the performances of the different reverse genetics systems.  

3.1. Assessment based on the mini-genome expression. 

BHK-21 cells were seeded in 6-well plates at a concentration of 2×10
5
 cells/well and 

incubated overnight at 37  with 5% CO2. A total of 2.5 μg of plasmid mixes consisting of 

either 4-, 3-, 2- or 1-plasmid systems with mini-genome were transfected into the cells by 

Lipofectamine 3000 (Invitrogen). The ratios of these vectors varied as follows: [5: 2: 2: 1 for 

pMini-genome: pNn: pP: pL],   [2: 1: 1 for pMini-genome : pN-P: pL], [2: 1: 1 for 

pMini-genome: pN-L: pP], [2: 1: 1 for pMini-genome: pP-L: pN],  [1: 1 for pMini-genome: 

pNPL], [2.5 μg pMini-genome-NPL] and [5: 2: 2: 1 for pMini-genome: pN: pP: pCI-neo 

(Clontech)] as control . Two days after transfection, green fluorescence was checked and 

imaged by microscope. In order to quantitate and compare the efficiency of the different 

systems, 0.5 μg of each system with the same ratios were transfected into 1×10
5
 BHK-21 cells 

seeded in 24-well plates. Then, cells expressing EGFP were enumerated two days after 

transfection under the fluorescent microscope.  

3.2. Assessment based on the rescue of rMG-725/EGFP strain.  

BHK-21 cells were seeded in 6-well plates at a concentration of 4×10
5
 cells/well and 

incubated at 37  with 5% CO2. Plasmid mixes consisting of various combination single, 

dual or triple cassettes in the pCMV vector to provide N, P and L  were transfected into cells 

exactly as described in the previous section with the exception that pMini-genome was 

replaced by pMG-725/EGFP. Three days post-transfection, cells expressing EGFP were 

imaged under the fluorescent microscope. In addition, 100 μL of supernatants were collected 

daily for six days to titer the rescued viruses on BHK-21 cells by the TCID50 method.  

Results 

1. The modified pCMV plasmid can accommodate an insertion of up to 30kb. 

To develop the 1-plasmid system, all sequences for the NDV reverse genetics had to be 

inserted into the same vector. It is a rather complex construction since it involves more steps 

and much bigger insertions than that of the 4-plasmid system (Fig. 2.1). Using the quicker 

clone screening approach as described in methods section, it was faster, easier and cheaper to 

screen positive clones compared to the conventional PCR screening method. This screening 

method was applied for all cloning steps in this study (Fig. 2.2A), such as 2.8 kilobases (kb) 
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of NP cassette and 7.9 kb of L cassette cloned into 4.3 kb pCMV and 9.1 kb of 

pCMV-N-P-SgrAI vector, respectively (Fig. 2.2B). All of 11 clones containing NP cassette 

insertion were positives, while only 7 of 11 clones containing L cassette insertion were 

positive, which indicated the bigger the fragment is, the more difficult to insert it (Fig. 2.2B). 

However, the 13kb fragment, including NP, P and L cassettes, was successfully inserted into a 

20 kb NDV full-genome pMG-725/EGFP-SgrAI vector, even though there were only two 

positive clones out of thirty tested clones (Fig. 2.2C). However, bacteria transformed with this 

big plasmid grew very slowly. The 600 wavelength optical density (OD600) value of the 

bacterium culture was still 0.00 at 13 h after incubation in LB. In contrast, OD600 value was 

0.29 and 1.01 for pMG-725/EGFP and pCMV, respectively. After 24h of culture, the OD600 

values of bacteria containing pMG-725/EGFP-NPL, pMG-725/EGFP or pCMV plasmids 

were 0.67, 0.91 and 1.34, respectively (Fig. 2.2D). In addition, this 33kb 

pMG-725/EGFP-NPL plasmid was unstable due to its size. It could not be re-amplified after 

the transfer of cultured bacteria into a fresh medium. The pMG-725/EGFP-NPL plasmid was 

lost and instead, other unknown small plasmids were generated (Fig. 2.2C). These results 

show that a big exogenous fragment of around 30 kb can be cloned into a pCMV vector, but it 

affects the bacterium growth and the plasmid has a reduced stability. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Different reverse genetics systems were constructed and used in this study. The conventional 

4-plasmids system, named thereafter as N+P+L, consists of pMini-genome (Mini-genome cassette) or 

pFull-genome (rMG725-EGFP strain’s Full-genome), pN (NP cassette), pP (P cassette) and pL (L cassette). 

In contrast, the 1-plasmid system, named as MNPL, consists of pMini-minigenome-NPL (Mini-genome  

NP, P and L cassettes) or pFull-genome-NPL (Full-genome, NP, P and L cassettes). The 3- and 2-plasmids 

systems correspond to various combinations of the constructions described in this figure. 



53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. The 2-plasmids system increased efficiency of reverse genetic based on mini-genome 

expression.  

Fig. 2.2. Fast screening of the clones after transformation. (A) The strategy of clone screening as described 

in material & method. (B) Confirmation of positive clones during the pCMV-NPL-SgrAI construction: the 

left picture showed that the NP cassette (2.8 kb) was inserted into pCMV vector (4.3 kb) to get 

pCMV-N-SgrAI (6.6 kb). All the 11 clones were detected as positive since the size of clones was the same as 

for pCMV-N-SgrAI (+) and bigger than empty pCMV(-). The right image indicated L cassette (7.9 kb) was 

added to pCMV-N-P-SgrAI vector (9.1 kb; -) to generate pNPL (15.9 kb; +). Seven out of 11 clones were 

found with the L insertion. (C) pMG-725/EGFP-NPL plasmid. The left picture showed that two positive 

clones (out of thirty tested, data not shown).1: 1 kb DNA marker; 2-3: positive clones were cut by PacI to 

generate 9.1 kb and 24 kb bands. The right picture showed the instability of the pMG-725/EGFP-NPL 

plasmid. 1: 1 kb DNA marker 2 pCMV vector 3 pMG-725/EGFP plasmid 3-4: pMG-725/EGFP-NPL 

plasmid; 5-6: re-amplification of pMG-725/EGFP-NPL plasmids could generate unknown small plasmids. 

(D)The growth ability of E.coli with plasmids. The pMG-725/EGFP-NPL plasmid attenuated the growth of 

E.coli which OD600 still null after 13 hours of culture in Ampicillin liquid medium.  
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Since the mini-genome containing EGFP ORF was cloned into the pCMV vector in the 

reverse direction, EGFP expression relies on the generation of an antisense EGFP-RNA taken 

over by NP, P and L protein of NDV (Fig. 2.3A). Accordingly, cells transfected with plasmids 

encoding those proteins, developed green fluorescence (Fig. 2.3B). However, the number of 

EGFP positive cells differed according to the system. The NP+L and PL+N systems generated 

1.5 times fluorescent cells as the 4-plasmids system, while the NL+P system did not show any 

improvement. In contrast, the 2-plasmids system increased the fluorescent cells by 2.5 fold 

compared to the 4-plasmids system. However, when the mini-genome, NP, P and L cassettes 

were all assembled in the same vector, the number of EGFP positive cells was unchanged 

compared to the 4-plasmids system (Fig. 2.3C). These results show that the 2-plasmids system 

is the optimized condition for mini-genome rescue.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 the optimized condition for mini genome rescue. 

Fig. 2.3. Efficiency of the different systems on Mini-genome expression. (A) The strategy of EGFP 

expression from Mini-genome. Due to Mini-genome, including viral Leader (Le), Trailer (Tr) and EGFP 

gene, inserted in pCMV vector with a reverse direction, the EGFP expression requires both the cell’s RNA 

polymerase II, and the viral NP, P and L proteins as well. (B) All of the 4-, 3-, 2- and 1- plasmid systems 

induced cell expressing EGFP. Images were taken two days after transfection, magnification 2.5 . (C) The 

2-plasmid system increased efficiency. Two days after transfection, green fluorescent cells were counted 

under the microscope. The number of green cells of the 2-plasmid system was around 2.5 times as that of the 

4- plasmid systems. Histograms show the average and bars are the SD of the number of cells expressing 

EGFP in triplicate wells of 24-well plates in the same assay.  
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3. The 2-plasmid system generated virus in a shorter time with a higher titer.  

The different constructions made for the expression of NP, P and L were then tested to rescue 

one NDV strain, the recombinant virulent rMG-725/EGFP. Since we failed in getting the 

pMG-725/EGFP-NPL plasmid by Maxiprep, the 1-plasmid system could not be tested. The 

MG-725/EGFP strain was successfully rescued by all the systems, by three days 

post-transfection (Fig. 2.4A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4. Performances of the different systems in rescuing the recombinant NDV strain, rMG-725/EGFP. 

(A) All the systems could rescue rMG-725/EGFP strain. The 2- plasmid system generated more viruses 

based on EGFP expression. Images were taken three days after transfection, at magnification 10 . (B) The 

2-plasmid system could rescue the virus in a shorter time and with higher titers. In supernatants, viral 

particles were detected as soon as one day post-transfection when using the 2-plasmid system. In the first 

three days, the viral titer obtained with the 2-plasmid was 1 Log10 higher than the titer obtained with the 

4-plasmid system. The dashed line indicated the minimum viral titer could be detected. Values showed the 

average and bars were the SD in triplicate wells of 6-well plates in the same assay. 
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One day after transfection, the green fluorescence was already detected in the cells transfected 

with the 2- and one of 3-plasmid (NP+L) systems. However, virus titers of the rescued virus 

differed according to the system used. Compared to the 4-plasmids system, the 3-plasmids 

systems, NP+L or PL+N, generated similar titers while NL+P system was less performant, 

confirming the observation on the mini-genome. The 2-plasmids system was the best, with an 

increase of the rescued virus titer of one log10 compared to the 4-plasmids system. The 

differences observed between all the systems were essentially seen in the early days after 

transfection, the virus titers reaching the same climax in the late stages of infection (Fig. 

2.4B).  

Discussion 

In this study, six reverse genetics systems, including different number of plasmids, were 

constructed. The efficiencies of these systems were compared. The 2-plasmids system where 

NP, P and L genes are cloned in a unique vector showed the highest efficiency based on 

mini-genome expression and one recombinant NDV strain rescue.    

As many cloning steps were required to construct these systems, a faster and more economic 

method for clone screening was adopted and validated (30). The theory of this screening 

method is based on the size difference between the empty and ligated plasmids observed in 

gel electrophoresis (31). We successfully used this method as an alternative of the 

conventional restriction fragment length pattern or PCR methods. In this study, the 30 kb 

fragment, including viral full-genome, L, P and NP genes cassettes, was cloned into pCMV 

vector by many steps to get pMG-725/EGFP-NPL plasmid. The size of this plasmid was 

around 33kb, which results in a big instability of this plasmid and the impossibility to 

re-amplify this plasmid into bacteria. We believe that this difficulty was also partly resulting 

from the pMG-725/EGFP-NPL plasmid has a pBluscript backbone which is a high copy 

plasmid that may not accommodate a large insertion of 30 kb bases and re-arrange in bacteria 

(32, 33). A low copy plasmid or even a Bacterial Artificial Chromosome (BAC) vector could 

possibly solve this problem (34, 35). For instance, the respiratory syncytial virus was 

successfully rescued from a BAC vector (36).  

For rescuing viruses, it is necessary to achieve the transfection of all plasmids in the same 

cells. Consequently, systems containing less plasmids should work better than those with 

more plasmids as already observed with segmented RNA viruses, such as influenza virus 
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(37-39). Thus, we initially hypothesized that the less plasmid used the better the system would 

be to rescue mononegaviruses. In this study, we found that the 2-plasmids system enhanced 

the efficiency of the mini-genome expression and virus rescue compared to the 4-plasmids 

system, while the other systems did not. Surprisingly, the 1-plasmid system did not increase 

efficiency of mini-genome rescue compared to the 4-plasmids system. Some authors have 

suggested that although each gene is expressed from an independent cassette including a 

promoter and a terminator, the quantity of each gene expression from the same vector may not 

be always balanced (40). The pMini-NPL plasmid requires the expression of four genes - 

mini-genome, NP, P and L - to make the system functional. After transfection into cells, the 

efficiency of expression of mini-genome, NP, P or L can vary and can also be low, and it can 

explain why the 1-plasmid failed in increasing the efficiency based on mini-genome testing.  

Mononegavirus replication depends on the ribonucleoprotein complex (RNP) that contains 

encapsidated RNA and RdRp (2). How to generate much RNP by reverse genetics may be the 

key point to increase efficiency. For some mononegaviruses, such as NDV, the transcription 

of viral gene follows the 3’- to -5’ attenuation rule (41, 42). The replication of NDV is 

affected when this attenuation rule is disturbed (43). Since the pNL plasmid (13 kb) is bigger 

than the pP plasmid (6.6 kb), cells transfected with the same amount of both plasmids will 

probably express more P protein than NP. This imbalance compared to the normal gradient of 

NP/P expression in natural infection may be responsible for the decreased rescue efficiency of 

the NL+P system.  In contrast, the NP+L and PL+N systems had higher efficiency than the 

4-plamids system based on mini-genome, but the efficiency was not really different when 

applied to the rescue of the full-genome, which indicate other factors, such as efficiency of 

RNA polymerase transcribing long RNA, may influence virus rescuing.   
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Abstract 

Within paramyxoviruses, conventional reverse genetics require the transfection of a minimum 

of four plasmids: three to reconstruct the viral polymerase complex that replicates and 

expresses the virus genome delivered by a fourth plasmid. The successful transfection of four 

or more plasmids of different sizes into one cell and the subsequent generation of at least one 

viable and replicable viral particle is a rare event, which explains the low rescue efficiency, 

especially of low virulent viruses with reduced replication efficiency in cell lines. In this study, 

we report on an improved reverse genetics system developed for an avian paramyxovirus, 

Newcastle Disease Virus (NDV), in which the number of plasmids was reduced from four to 

two. Compared to the conventional method, the 2-plasmid system enables earlier and 

increased production of rescued viruses and, in addition, makes it possible to rescue viruses 

that it was not possible to rescue using the 4-plasmid system.  

Introduction 

Reverse genetics of negative RNA viruses is widely used in research (1). The general scheme 

for this method relies on the cloning of the complete viral genome, segmented or not, in one 

or several plasmids under promoters that will generate positive-sense RNAs. Complementary 

plasmids are produced to express viral proteins that will take over the transcribed viral 

genome (1). Since the transfection of a high number of plasmids of different size into one cell 

is tricky but indispensable for successful virus rescue, several groups have tried to improve 

the system either by reducing the number of plasmids to be used (2, 3) or by generating cells 

that constitutively express the viral polymerase complex. However, the latter is a more 

complicated and time-consuming process.  

Our laboratory is currently working with an avian paramyxovirus, the Newcastle Disease 

Virus (NDV), to learn more about its virulence and immunogenicity. NDV belongs to the 

Avulavirus genus in the Paramyxoviridae family (4, 5). The genome is composed of a 15 kb 

negative-sense single-stranded RNA molecule with six coding segments surrounded by the 

leader and trailer viral polymerase promoters (6-8). This genome structure 

(3’-Leader-NP-P-M-F-HN-L-Trailer-5’) encodes six structural viral proteins: nucleocapsid 

protein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), 

hemagglutinin-neuraminidase (HN), large protein (L), and two nonstructural proteins  V 

and W proteins, respectively (9, 10). Among these proteins, N, P and L form the viral 
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polymerase complex replicates and transcribes the viral genome (10). These three proteins 

play a crucial role in virus rescue by reverse genetics (11-13).  

Reverse genetics have long been used in research on NDV virulence, vaccine generation, 

oncolytic applications, virion assembly, etc. (13-16). The conventional reverse genetics of 

NDV involves four different plasmids (13). The complete genome and the NP, P and L genes 

are cloned into plasmids downstream from the most commonly used T7 polymerase promoter 

or alternatively the CMV promoter. These plasmids are co-transfected into eukaryotic cells 

and transcribed by an exogenous source of T7 RNA polymerase (virus or transgenic cell line) 

or the cell RNA polymerase , respectively (17, 18). Although, widely used to rescue viruses, 

the T7 polymerase system requires the use of a recombinant virus or a specific cell line 

constitutively expressing the enzyme. These materials are not easily available for most 

laboratories tempted by the reverse genetics, in contrast to plasmids using CMV promoters. 

Accordingly, we started to set up a conventional reverse genetics system based on the CMV 

promoter to generate 10 different modified viruses for virulence studies. However, two of 

these viruses, although correct in their genome sequences, could not be rescued. They all were 

attenuated virus strains and we consequently concluded that the system was not efficient 

enough for low virulent strains, probably because of the complexity of the system involving a 

large number of different size plasmids and the reduced capacity of low virulent strains to be 

rescued from very rare events, as already shown for segmented influenza viruses (2). We 

therefore developed an alternative system based on only two plasmids of similar size. Here, 

we demonstrate that this system was able to rescue all our viruses in a shorter time and with a 

higher yield. 

Materials and Methods 

1. Cells and Viruses 

Baby hamster kidney BHK-21 cells were used for NDV rescuing, because these cells are 

easily transfected with plasmids, susceptible to NDV infection and often used in the past for 

efficient NDV rescue. They were grown in Eagle’s minimum essential medium (Gibco) with 

10% fetal bovine serum (PAN-Biotch) and cultured at 37  with 5% CO2. Chemically 

competent cells E.coli 10-beta were purchased from New England Biolabs (NEB). NDV 

chicken/Madagascar/2008 (MG-725) strain, isolated from chicken in Madagascar (19), was 
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amplified in 10 day-old specific pathogen free (SPF) chicken embryos (Couvoir de Cerveloup, 

France). After two days of infection, allantoic liquid was harvested and stored at -80 . 

NDV LaSota strain, kindly provided by ISZVe, Italy, was amplified and stored in the same 

way as the MG-725 strain. 

2. Plasmid constructions  

RNA of MG-725 was extracted using the NucleoSpin RNA virus kit (MACHEREY-NAGEL) 

according to the manufacturer’s instructions. RNA was used to generate cDNA with the Super 

Script  First-Stand kit (Invitrogen). Pfu Ultra Fusion HS DNA polymerase (Agilent) was 

used to amplify the NP, P and L genes of MG-725 from cDNA and the three genes were 

cloned into the pCI-neo (Clontech) to get pN, pP and pL plasmids by restriction enzymes 

(NEB) .  

PolyA was amplified from pCI-neo by PolyA-F and PolyA-R-SapI primers. With Ribo-F and 

Ribo-R primers, the hepatitis delta virus ribozyme (HDVrbz: 5’ 

GGGTCGGCATGGCATCTCCACCTCCTCGCGGTCCGACCTGGGCATCCGAAGGAGG

ACGTCGTCCACTCGGATGGCTAAGGGAGAGTGAGCAATAA 3’) was amplified from 

pBS-RiboT7terminator plasmid (gift from M. Brémont, INRA, Jouy-en Josas, France). PolyA 

and HDVrbz were assembled by overlapping PCR and then cloned into pBluescript II Ks (+) 

(pKS In house) by ClaI and SapI restriction enzymes to get pKS-HDVrbz-PolyA. CMV 

promoter with part of Hammerhead ribozyme (HHrbz:  

5’TGTTAAGCGTCTGATGAGTCCGTGAGGACGAAACTATAGGAAAGGAATTCCTA

TAGTC3’) was amplified from pCI-neo by CMV-F-BssHII and CMV-R primers then cloned 

into pKS-HDVrbz-PolyA by BssHII and EcoRI to generate 

pKS-CMV-HHrbz-HDVrbz-PolyA. Then, the fragment was amplified by 1-F and 1-R primers 

with multi-clone sites (MCS) and inserted into pKS-CMV-HHrbz-HDVrbz-PolyA by EcoRI 

and ClaI to get pCMV vector (Table 3.1, Fig.3.1). 

NP, P and L gene cassettes were amplified from pN, pP and pL plasmids with CMV-F-ClaI 

and PolyA-R-SapI, CMV-F-FseI and PolyA-R-ClaI, CMV-F-BssHII and PolyA-R-FseI 

primers, respectively. Then, these cassettes were gradually cloned into pCMV to get pCMV-N, 

pCMV-N-P and final pNPL plasmid by the restriction enzymes shown in Table 3.1 and 

Fig.3.1. 
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Table 3.1. Priers for pCMV and pNPL plasmids construction 

Underlines indicate sequences of restriction enzymes; Lower-case shows part of HHrbz sequence 

A mini-genome plasmid was also prepared to assess the usefulness of the helper plasmids. In 

this plasmid, the enhanced green fluorescence protein (EGFP) gene was flanked by the leader 

and trailer strains of MG-725 by overlap PCR and then cloned into pCMV vector, between 

ribozymes, in the reverse direction to get the pMini-genome (Fig. 3.1).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The complete MG-725 genome was divided into eight fragments with overlap regions. These 

fragments were amplified from viral RNA and were assembled into pCMV vector, between 

two ribozymes, to generate pMG-725 plasmid according to the order of virus genome 

(Leader-NP-P-M-F-HN-L-Trailer) and restriction sites (Fig. 3.1). F gene of MG-725 was 

modified by overlap PCR to obtain a lentogenic cleavage site identical to that of the LaSota 

strain (hereafter called Fmu). The Fmu gene replaced that of pMG-725 plasmid to obtain 

pMG-725/Fmu by Kpn1 and SacII. The EGFP or mcherry fluorescent gene with gene start 

(GS) and gene end (GE) of MG-725 strain’s M gene was amplified from pEGFP-C1 or 

pmCherry-N1 (Clontech) and then cloned into pMG-725 and pMG-725/Fmu plasmids, 

Primer name Primer sequence (5’---3’) 
PolyA-F TGAGCAATAACAGACATGATAAGATACA 

PolyA-R-SapI GAGCGAGGAAGCGGAAGAGCTACCACATTTGTAGAGGTT 

                      SapI  

Ribo-F CCATCGATGGGTCGGCATGGCATCTC 

    ClaI 

Ribo-R ATCATGTCTGTTATTGCTCACTCTCCCTTAG 

CMV-F-BssHII TTGGCGCGCTCAATATTGGCCATTAGCCAT 

     BssHII 

CMV-R GgaattcctttcctatagtttcgtcctcacggactcatcagacgcttaacAGATCTGACG 

EcoRI 

GTTCACTAA 

1-F CGGAATTCGGTACCCCTTAGTTTCCGCGGGTATGGTGCAC 

    EcoRI   KpnI               SacII    
TCTCAGTACAAT 

1-R CCATCGATACTTAATTAAGGCCGGCCTTATTGAAGCATTTA 

ClaI       PacI       FseI  

TCAGGGT    

CMV-F-ClaI CCATCGATTCAATATTGGCCATTAGCCAT 

    ClaI 
CMV-F-FseI ATTGGCCGGCCTCAATATTGGCCATTAGCCAT 

      FseI 

PolyA-R-ClaI CCATCGATTACCACATTTGTAGAGGTT 

    ClaI 

PolyA-R-FseI ATTGGCCGGCCTACCACATTTGTAGAGGTT 

      FseI 



66 

 

between the P and M genes, to get pMG-725/EGFP, pMG-725/Cherry, pMG-725/Fmu/EGFP, 

and pMG-725/Fmu/Cherry plasmids. The detailed information is provided in Fig.3.1. 

The complete genome of the LaSota strain was divided into seven fragments. These seven 

fragments were amplified and assembled into pCMV to get pLaSota. The F and HN genes of 

pLaSota were replaced individually with those of pMG-725/Fmu to get pLaSota/M-Fmu, 

pLaSota/M-HN. The mcherry fluorescent gene with GS and GE of LaSota’ M gene was 

inserted between the P and M genes of pLaSota to generate pLaSota/Cherry (Fig.3.1). All 

these plasmids were purified with the Quick Plasmid Miniprep kit (Invitrogen) and the 

EndoFree plasmid Maxi kit (QIAGEN), aliquoted and stored at -20 . The total number of 

plasmids produced with the complete viral genome was 10 (Table 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. Plasmid constructions made in this study. T7 promoter and terminator of pKS vector were replaced 

by CMV and PloyA of pCI-neo and the two ribozymes and multi-clone sites were cloned between CMV and 

PolyA to get pCMV vector. In the pNPL plasmid, three expression cassettes consisting of pCMV and polyA 

tail flanking the NP, P or L gene from MG-725 were cloned into the same pCMV vector. Downstream, the 

pMini-genome plasmid includes the promoter pCMV, the leader and trailer of MG-725 flanking the EGFP 

gene placed in antisense direction. Complete genomes of original or recombinant NDV were assembled by 

RT-PCR and restriction enzymes into pCMV vector, between the two ribozymes. 
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Table 3.2  Information  of  all plasmids used in this study 

 

 

 

3. Validation of 4-plasmid and 2-plasmid systems on the EGFP mini-genome 

4×10
5
 BHK-21 cells were seeded in 6-well plates one day before transfection. A total of 5 μg 

of plasmids were transfected into the cells using Lipofectamine 2000 (Invitrogen). Two μL of 

Lipofectamine 2000 were used with 1 μg of DNA. Different plasmid cocktails were tested: 

[pMini-genome, pN, pP and pL, ratio 5:2:2:1], [pMini-genome, pN, pP and pCI-neo, ratio 

5:2:2:1], [pMini-genome and pNPL, ratio, 1:1] and [pMini-genome and pCI-neo, ratio, 1:1]. 

After six hours, the transfection media were replaced by 2 ml of MEM medium containing 10% 

FBS. Cells expressing EGFP were checked daily for 3 days after transfection. EGFP positive 

cells were enumerated in 10 different fields under the fluorescent microscope 2 days after 

Plasmids Backbone of complete 

genome or gene 

Properties F protein 

cleavage sites 

pN MG-725 NP gene of MG-725 - 

pP MG-725 P gene of MG-725 - 

pL MG-725 L gene of MG-725 - 

pNPL MG-725 NP, P and L genes of MG-725 - 

pMini-genome MG-725 Leader and trailer of MG-725, EGFP from pEGFP-C1 - 

pMG-725 MG-725 Complete genome of MG-725 Velogenic-like
a
 

pMG-725/EGFP MG-725 EGFP gene was inserted between P and M genes of the 

complete MG-725 genome 

Velogenic-like 

pMG-725/Cherry MG-725 mCherry gene was inserted between P and M genes of 

the complete MG-725 genome 

Velogenic-like 

pMG-725/Fmu MG-725 Cleavage site of the F protein in MG-725 was 

modified to that of LaSota 

Lentogenic-like
b
 

pMG-725/Fmu/EGFP MG-725 Cleavage site of the F protein in MG-725 /EGFP was 

modified to that of LaSota. 

Lentogenic-like 

pMG-725/Fmu/Cherry MG-725 Cleavage site of the F protein inMG-725 /Cherry was 

modified to that of LaSota. 

Lentogenic-like 

pLaSota LaSota The complete genome of LaSota Lentogenic-like 

pLaSota/Cherry LaSota Cherry gene was inserted between P and M genes of 

LaSota 

Lentogenic-like 

pLaSota/M-Fmu LaSota The F gene of LaSota was replaced by that of 

MG-725/Fmu 

Lentogenic-like 

pLaSota/M-HN LaSota The HN gene of LaSota was replaced by that of 

MG-725 

Lentogenic-like 

a: F protein cleavage sites are 
112

RRRRRF
117

.
b
 F protein cleavage sites are 

112
GRQGRL

117
.  
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transfection. To optimize the 4-plasmid system, 1×10
5
 BHK-21 cells were seeded on 24-well 

plates one day before transfection. A mixture of 0.5 μg pMini-genome, 0.1 μg pL and 0.4 μg 

of [pN and pP, with ratios ranging from 9:1 to 1:9] was then transfected into cells. The 

number of cells expressing EGFP was determined under the fluorescent microscope two days 

after transfection. To optimize the 2-plasmid system, 2.5 μg of pMini-genome and pNPL with 

ratios ranging from 9:1 to 1:9 were transfected into BHK-21 cells seeded on 6-well plates. 

EGFP positive cells were enumerated in 10 fields under the microscope two days after 

transfection. 

3.1. Virus rescue with the 4-plasmid system 

4×10
5 

BHK-21 cells were seeded on 6-well plates the day before transfection. Each of the 10 

complete viral genome plasmids (Table 3.2) was mixed with three other plasmids, pN, pP and 

pL, to obtain a total quantity of 10 µg with a ratio of 5:2:2:1. These mixtures were transfected 

into the cells and three days later, images were taken for fluorescent viruses and cell 

supernatants were collected. Attached cells were removed by incubation in presence of trypsin, 

centrifuged for 5 min at 1,000 g and suspended again in 200 μL of the previously collected 

media. These cell samples were injected into 10 day old SPF chicken embryos for virus 

amplification.  

3.2. Generation of the M-725/Fmu/EGFP strain with the 4-plasmid and the 2-plasmid 

systems 

Based on the results obtained using the method described in the previous section, we decided 

to develop an improved reverse genetics system based on the transfection of only two 

plasmids. We then compared the rescue viral titers of the 4-plasmid and 2-plasmid systems. 

To this end, either [5 μg of pMG-725/Fmu/EGFP, 2 μg pN, 2 μg pP and 1 μg pL] or [5 μg 

pMG-725/Fmu/EGFP and 5 μg pNPL] were transfected into 4×10
5 

BHK-21 cells seeded in a 

6-well plate. Three days after transfection, the EGFP expression of cells was checked. Next, 

cell supernatants were collected and diluted 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 times in MEM. 

200 μL of these dilutions were injected into chicken embryos for virus titration. 

To test the quantity of plasmids and the time taken by the 2-plasmid system to rescue virus, 

the different amounts of pMG-725/Fmu/EGFP and pNPL to be transfected into 4×10
5 

BHK-21 cells seeded in a 6-well plate and collected at different times were assessed. The total 

amount of these plasmids ranged from 1 μg to 10 μg with a ratio of 1:1. The cells with 200 μl 

of their supernatants were collected three days after transfection, except the cells transfected 
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with 10 μg of plasmids, which were collected one, two and three days after transfection with 

200 μl of their supernatant. These samples were injected into chicken embryos. 

3.3. Comparison of the two systems with a set of complete genomes including virulent and 

attenuated phenotypes 

Nine different complete genomes comprising two virulent phenotypes (pMG-725, 

pMG-725/EGFP) and seven attenuated strains (pMG-725/Fmu, pMG-725/Fmu/EGFP, 

pMG-725/Fmu/Cherry, pLaSota, pLaSota/Cherry, pLaSota/M-Fmu or pLaSota/M-HN) were 

transfected with either pN, pP and pL or pNPL, into 4×10
5
BHK-21 cells plated on 6-well 

plates. Based on the results obtained in the previous section, the total amount of the plasmids 

delivered to the cells was set at 2 and 3 µg with a ratio of 5:2:2:1 or 1:1. As described in the 

previous section, one or three days after transfection, fluorescence was checked under the 

microscope and cells and their supernatants were collected and used for virus amplification in 

eggs. 

3.4. Confirmation of rescued virus  

Dead chicken embryos and chicken embryos that were still alive three days after inoculation 

at 37  were left overnight at 4 . Allantoic fluids were collected and used to perform a 

hemagglutination assay (HA) and a real-time PCR (qRT-PCR). After extraction, RNAs were 

first digested with TURBO DNase enzyme (Ambion) to prevent DNA contamination. The 

qRT-PCR used F259 (5’-ACAYTGACYACTTTGCTCA-3’) as forward primer and F488 

(5’-TGCACAGCYTCATTGGTTGC-3’) as reverse primer. These primers were designed by 

us based on the alignment of different strains’ F genes and matched the F NDV gene. The 

Brilliant  Ultra-Fast SYBR Green QRT-PCR Master mix kit (Agilent) was used. Only 

samples showing positive results in both HA and qRT-PCR were considered successfully 

rescued. Negative allantoic fluids were passaged twice in chicken embryos and tested again 

by HA and qRT-PCR.  

Results 

1. The rescue performance of the 4-plasmid system was lower in the case of attenuated NDV 

strains. 

Since the mini-genome includes an EGFP ORF inserted in reverse direction (Fig. 3.1), EGFP 

expression requires the expression of NDV NP, P and L proteins to wrap and generate EGFP 

mRNA in forward direction. Therefore, we used this mini-genome to validate all our 
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constructions and the functionality of the reverse genetics system. After transfection of 

BHK-21 with the mini-genome expressing EGFP in the 4-plasmid system, green fluorescence 

was observed in the cells (Fig. 3.2A). As expected, this fluorescence was not seen in the 

absence of pL (Fig. 3.2B). The pMini-genome and pL were transfected into BHK-21 cells 

with different quantity ratios for pN and pP to achieve the best performance. The best quantity 

ratio for pN and pP was 1:1 (Fig. 3.2C). 

 

 

 

 

 

 

 

 

 

 

 

This optimized 4-plasmid system was then used to rescue 10 different viruses, three of which 

were expected to be velogenic (virulent), while the seven others were lentogenic (attenuated) 

(Table 3.2). This distinction is based on the amino acid motif found at the F protein cleavage 

site. The velogenic strains have five basic amino acids, while the lentogenic strains have two 

basic amino acids (Fig. 3.3). This difference makes the F protein of virulent strains more 

prone to be cleaved by various proteases present in various tissues and the virus is then 

activated to amplify whereas the F protein of attenuated strains is only cleaved in 

environments like the digestive and respiratory tracts or in vitro, in cell culture medium 

containing trypsin (13). Using the 4-plasmid system, particles of velogenic strains were 

clearly more efficiently generated than lentogenic strains with the same backbone but only 

Fig. 3.2. Mini-genome assay with the 4-plasmid system. (A) Fluorescence appeared after transfection of 

BHK21 with the mini-genome expressing EGFP and pN, pP and pL. (B) Fluorescence did not appear when 

pL was not included in the plasmid cocktail used for transfection. Pictures were taken two days after 

transfection at 10× magnification. (C) Optimization of the 4-plasmid system. Histograms show the average 

and bars are the SD of the number of cells expressing EGFP in triplicate wells of 24-well plates in the same 

assay.  
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Table 3.3 Viruses used in the 4-plasmid system 

a :The condition for the rescue of the virus was 10 μg plasmids, 3 days after transfection.b: 

Viruses were successfully rescued after confirmation by HA and qRT-PCR.c: Viruses were not 

differing by their lentogenic-like cleavage site (Fig. 3.4A to D). In addition, two lentogenic 

strains out of the 10 strains could not be rescued after inoculation of the egg, additional blind 

passages in eggs and HA test and qRT-PCR (Fig. 3.4E, Table 3.3). This resulted in a rescue 

efficiency of only 71% with attenuated strains, whereas for velogenic viruses, the efficiency 

was 100% (Fig. 3.4F). These results suggest that the 4-plasmid reverse genetics system is less 

efficient for the rescue of viruses with lentogenic-like F protein cleavage sites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Viruses Rescuing 
a
 

MG-725 + 
b
 

MG-725/EGFP + 

MG-725/Cherry + 

MG-725/Fmu + 

MG-725/Fmu/EGFP + 

MG-725/Fmu/Cherry + 

LaSota + 

LaSota/Cherry -
c
 

LaSota/M-Fmu - 

LaSota/M-HN + 

Fig. 3.3. Alignment of F protein cleavage sites from the rescued strains in this study and in other strains 

retrieved from GenBank. Multiple alignments performed done using the Clustal W method in the DNA star 

software. The different amino acids in the low-virulent, virulent and rescued strains in the region 

encompassing residues 110-120 are framed. The vertical arrow indicates the trypsin cleavage site. 
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2. The 2-plasmid system outperformed the 4-plasmid system in the replication of the EGFP      

mini-genome.  

Fig. 3.4. Rescue efficiency of the 4-plasmid system. (A to D) Three days after transfection with 

pMG-725/EGFP (A), pMG-725/Cherry (B), pMG-725/Fmu/EGFP (C) and pMG-725/Fmu/Cherry (D), cells 

were observed under a fluorescent microscope at magnification 10×. The two velogenic strains (A and B) 

show a clear enhancement of the fluorescent cells compared to the lentogenic strains (C and D). (E) Three 

days after transfection, viruses were recovered and passaged in eggs for three days then tested by qRT-PCR 

as detailed in ‘Materials and Methods’. The pMG-725/Fmu plasmid and H2O were used as positive and 

negative controls of the qRT-PCR. Only two attenuated strains (LaSota/M Fmu and LaSota/Cherry) were not 

rescued. (F) Allantoic fluids showing HA and qRT-PCR positive results were considered as successfully 

rescued (V and L stand for strains with velogenic-like and lentogenic-like F protein cleavage site, 

respectively). All three velogenic strains (100%) were rescued, versus 5 out 7 lentogenic strains (71%). 
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To test the 2-plasmid system, another plasmid, pNPL, was produced in which the NP, P and L 

genes are inserted downstream from the CMV promoters (Fig. 3.1). The 2-plasmid system 

was the most efficient with a pMini-genome:pNPL ratio of 1:1 (Fig. 3.5A). In comparison to 

the 4-plasmid system, the 2-plasmid system showed double the number of cells expressing the 

EGFP (Fig. 3.5B to D). Based on EGFP mini-genome testing, these findings suggest that the 

2-plasmid reverse genetics system is more effective than the 4-plasmid system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. The 2-plasmid system generates more viruses with lentogenic-like F protein cleavage sites. 

Fig. 3.5. Optimization of the 2-plasmid system on EGFP mini-genome assay and comparison with the 

4-plasmid assay. (A) The 2-plasmid system was optimized by changing the quantitative ratio of 

pMini-genome and pNPL from 9:1 to 1:9 as shown on the X-axis. EGFP positive cells were then enumerated 

under a fluorescent microscope at magnification 2.5×, in 10 fields of one well of 6-well plates. (B and C) 

Comparative EGFP mini-genome performance between the 4- and 2-plasmid systems. The pictures were 

taken 2 days after transfection and suggest a higher number of fluorescent cells with the 2-plasmid systems 

(Magnification, 2.5×). (D) The improved performance was quantified by enumerating EGFP positive cells in 

10 fields at magnification 2.5× of one well of 6-well plates. Data show the average and SD of triplicate wells. 
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To test whether a 2-plasmid system would circumvent the reduced rescuing efficiency 

observed with our lentogenic viruses, pMG-725/Fmu/EGFP plasmid containing the full 

genome of an attenuated green fluorescent recombinant virus was transfected into BHK-21 

cells either with pN, pP and pL or pNPL. Based on the EGFP expression of transfected cells, 

the 2-plasmid system clearly outperformed the 4-plasmid system for the rescue of this 

lentogenic virus (Fig. 3.6A and B). In addition, the supernatant of transfected cells using the 

2-plasmid system had a viral titer about 4.5 times higher than the titer achieved by the 

4-plasmid system (Fig. 3.6C). These results demonstrate that the 2-plasmid system is more 

suitable for the rescue of lentogenic viruses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

able for the rescue of lentogenic viruses.

Fig. 3.6. Comparative performance of 2- and 4-plasmid systems in rescuing one fluorescent lentogenic-like 

NDV strain. (A and B) BHK-21 cells were transfected with pMG-725/Fmu/EGFP (feature of lentogenic 

strain) and either pN, pP and pL (A) or pNPL (B). After three days, pictures were taken under the fluorescent 

microscope at magnification 20×. The 2-plasmid system shows a higher number of cells expressing EGFP. 

(C) The resulting viral titers were then determined on chicken embryos. The histograms show a 4.5-fold 

increase in the titer with the 2-plasmid system after standardization of the titer achieved with the 4-plasmid 

system. (D to G) For the evaluation of the limiting conditions for the 2-plasmid system, the quantities of the 

plasmid cocktail pMG-725/Fmu/EGFP and pNPL (quantitative ratio 1:1) ranged from 1 to 4 μg, tested in 

virus rescue assays. Three days after transfection, pictures were taken under the fluorescent microscope at 

magnification 10×. Rescue was successful with as little as 2 µg of plasmids. 
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Table 3.4 Optimization of the 2-plasmid system on the rescue of the MG-725/Fmu/EGFP strain. 

 

 a:Viruses were considered as successfully rescued after confirmation by HA and qRT-PCR. 

 b: Viruses were not  rescued. 

 

Table 3.5 Rescue efficiencies of 4- and 2-plasmid systems under two conditions on a set of 9 different viruses. 

a: The condition for the rescue was 2 μg plasmids, one day after transfection.  

b: The condition for the rescue was 3 μg plasmids, 3 days after transfection. 

c: Viruses were considered as successfully rescued after confirmation by HA and qRT-PCR. 

d: Viruses were not rescued. 

 

In order to identify the conditions that limit the efficacy of the 2-plasmid system, rescue of the 

MG-725/Fmu/EGFP strain was tested at different plasmid concentrations for transfection of 

4×10
5 

BHK-21 cells seeded in 6-well plates and at different intervals after transfection for 

virus recovery. It was possible to reduce the total quantity of plasmids to be delivered to the 

cells with the 2-plasmid system to 2 μg and still successfully rescue the virus three days after 

transfection (Fig. 3.6D to G, Table 3.4). Rescue was also possible as soon as 24 h after cell 

transfection when 10 µg of plasmids was used for transfection (Table 3.4). These results 

indicate that rescuing a virus with only 2 plasmids can still be effective and rapid even with a 

small quantity of plasmids. 

 

 

 

 Rescue
 
with 10 µg of plasmids 

and recovery 1to3 days after 

transfection 

 Rescue with 1 to 10 µg of plasmids and 

recovery 3 days after transfection 

Virus Day 1 Day 2 Day 3  1 2 3 4 5 6 7 8 9 10 

MG-725/Fmu/EGFP +
a
 + +  -

b
 + + + + + + + + + 

 

 

Viruses 

Rescuing with: 

4-plasmid  2-plasmid 

A
a
 B

b
  A B 

MG-725 +
c
 +  + + 

MG-725/EGFP -
d
 +  + + 

MG-725/Fmu - +  + + 

MG-725/Fmu/EGFP - -  + + 

MG-725/Fmu/Cherry - +  + + 

LaSota - +  - + 

LaSota/Cherry - -  - + 

LaSota/M-Fmu - -  - + 

LaSota/M-HN - +  - + 
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4. The 2-plasmid system performs better than the 4-plasmid system under two different 

conditions. 

To confirm the superiority of the 2-plasmid system, different viruses were rescued under two 

different limiting conditions. Under the first condition (2 μg plasmids, collection one day after 

transfection), the 4-plasmid system successfully rescued only one velogenic virus (MG-725) 

from 9 complete genome plasmids (Table 3.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7. Efficiency of the 2- and 4-plasmid system on 9 NDV strains. (A and B) The rescue of two velogenic-like 

(V) and seven lentogenic-like (L) strains was tested in the two systems. The 2-plasmid system outperformed the 

4-plasmid system under the limiting recovery 1 day after transfection conditions of use consisting of 2 μg 

plasmids for transfection and virus (A). Under the conditions of 3 μg of plasmids and recovery 3 days after 

transfection, the 2-plasmid system performed better than the other for the lentogenic strains. In addition, under 

these conditions, more fluorescent cells were generated after transfection pMG-725/EGFP (C, E), 

pMG-725/Fmu/EGFP (D, F) with the 2-plasmid system (E, F) than with the 4-plasmid system (C, D). The 

pictures were taken at magnification 10×. 
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In contrast, the 2-plasmid system was able to rescue five viruses, including three lentogenic 

viruses (Fig. 3.7A, Table 3.5). Under the second condition (3 μg plasmids, three days after 

transfection), the rescue efficiency increased to 67% for the 4-plasmid system, but three 

viruses with lentogenic-like F protein cleavage sites were still not rescued. In contrast, rescue 

efficiency was 100% with the 2-plasmid system (Fig. 3.7B, Table 3.5). Moreover, three days 

after transfection, the titers of both velogenic and lentogenic viruses were higher in the 

2-plasmid system than in the 4-plasmid system, as evidenced by the number of cells 

expressing the EGFP (Fig. 3.7C to 3.7F). These results demonstrate the better performance of 

the 2-plamid system whatever the conditions of use and the virulence of rescued viruses. 

Discussion 

Since NDV reverse genetics was first developed in the 1990s, the technology has been 

extensively used in research (13). For example, virulent factors of the virus have been 

identified and some gene functions have been clarified (10, 13, 20, 21). Different modified 

vaccine candidates have also been generated (14, 22). Other pathogen genes have been 

inserted into the full genome of NDV and recombinant strains rescued using this technique as 

vaccine candidates for other diseases (23, 24). Last but not least, the genome of the NDV 

virus has been engineered by reverse genetics to enhance the oncolytic ability of the virus (16). 

In this context, virus rescue has been a quite important issue. Different modifications were 

proposed to improve NDV reverse genetics from its very beginning (1). For instance, in 

reverse genetics based on the T7 polymerase promoter for RNA transcription and protein 

expression, T7 RNA polymerase (T7pol) transgenic cell lines were generated to replace the 

use of a recombinant T7pol-fowlpox virus, thus eliminating the risk of contamination of the 

rescued virus by the fowlpox virus (18). Other authors used an additional plasmid to express 

T7pol (25). In other systems, the T7pol promoter was replaced by the CMV promoter, which 

renders the reverse genetics independent of the T7pol, simplifies the molecular constructions 

and extends the types of cell lines that can be used to rescue the viruses (17). However, before 

the present study, reverse genetics systems were all based on the use of four different 

plasmids to deliver the minimum elements of the replicative form of the virus: the complete 

genome and the NP, P, and L proteins of the virus. Although generally successful, this 

4-plasmid system has to get round the difficulty of sending four different size plasmids into 

the same cell to be able to generate an infectious clone. This difficulty is increased by the fact 

that the plasmid containing the complete genome is large and its transfection efficiency can be 
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affected. When we first began our study of the virulence of new strains from Africa, we used 

a 4-plasmid strategy to generate various infectious clones. However, the system was not 

efficient enough to rescue attenuated strains. To get round this difficulty, we tried to improve 

the system by reducing the number of plasmids to be used for NDV reverse genetics, as has 

previously been successfully achieved in other studies, mainly for segmented viruses (2, 3, 

26-28). Here, three plasmids were combined into one to express the NP, P and L proteins.  

An antisense fluorescent mini-genome placed under the control of pCMV was constructed for 

comparative assays as previously described (11, 12). With the 2-plasmid system, we observed 

increased EGFP expression as early as one day after transfection and double the number of 

fluorescent cells the following day, compared to the conventional 4-plasmid system. This 

suggested that the 2-plasmid system would be more efficient than the 4-plasmid system for 

the rescue of NDV viruses.  

Indeed, we observed that it was possible to rescue our two lentogenic strains with the 

2-plasmid system. The conditions for viral rescue with the 4-plasmid system were then 

refined, including optimization of the plasmid concentrations and ratios, using homologous 

NP, P and L genes from the LaSota strain, extension of the period of incubation before cell 

collection or addition of exogenous trypsin to cleave the F protein and promote BHK-21 cell 

viral infection and replication (13, 18). However, none of these improvements allowed the 

rescue of the two missing lentogenic viruses (data not shown). In contrast, the 2-plamid 

system was able to rescue all our 10 viruses including the two lentogenic strains, even when 

the total quantity of plasmids was reduced to 3 μg. More viral particles were generated by the 

transfected cells, thereby increasing the chance of rescuing the virus in fresh cells or chicken 

embryos. In this study, the 2-plasmid system generated more viruses than the 4-plasmid 

system, whatever the velogenic or lentogenic feature of the F protein cleavage site. Reducing 

the number of plasmids used in reverse genetics also increased the efficiency of the rescue of 

other viruses (2, 3, 29). The number of plasmids used to rescue influenza viruses was reduced 

from eight to one to generate more viral particles in transfected cells (26, 27). Similarly two 

plasmids instead of four improved rescue efficiency for a plant Negative-Strand RNA virus 

(28). However, it was also possible to successfully rescue the viruses used in those studies 

using the conventional reverse genetics system with more plasmids (eight plasmids or four 

plasmids) (27, 28). In our case, it was only possible to rescue all of our attenuated viruses 

using the 2-plasmid system. 
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The usual time required to collect rescued viruses from cells is three days after transfection 

(13). In this study, with the 2-plasmid system, it was possible to rescue viruses as early as one 

day post-transfection. Even if the rescue efficiency of the 2-plamid system was not 100% 

under the minimal conditions tested (2 μg plasmids, recovery one day after transfection), it is 

still competitive for most viruses in comparison with either optimized 4-plasmid system, 

because the 2-plamid system reduces the time and cost of generating infectious clones. 

Interestingly, under limiting conditions (2 μg plasmids and recovery one day after 

transfection), the 2-plasmid system was unable to rescue four strains with the same LaSota 

backbone (LaSota, LaSota/Cherry, LaSota/M-Fmu, LaSota/M-HN). Whether the use of 

heterologous NP, P and L genes from MG-725 in the 2-plasmid system reduced the rescuing 

efficiency on these viruses with a LaSota backbone, remains to be investigated in depth, for 

instance, by comparing the outcomes when homologous NP, P and L genes are used.  

In conclusion, the 2-plasmid system developed here for NDV reverse genetics not only 

simplifies the transfection procedure, reduces the number of plasmids to be transfected and 

requires less time to achieve successful rescue, but also increases the efficiency for 

lentogenic-type viruses compared to the conventional 4-plasmid system. Using this 

improvement in reverse genetics for other viruses may be equally successful. 
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Newcastle disease virus uses cell-to-cell transmission to maintain persistent 
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Abstract 

The cell-to-cell route is an alternative way for viral spread among cells. For some viruses, 

cell-to-cell dissemination is even more efficient since it helps viruses escape circulating 

neutralizing antibodies. However, except for this obvious beneficial effect, it is not clear 

whether the cell-to-cell route plays other roles for viruses. The situation is further complicated 

by the fact that viruses mainly spread using cell-free virus-cell transmission, which 

significantly disturbs our ability to establish the existence and identify the roles of cell-to-cell 

transmission. Newcastle disease virus (NDV) uses the cell-free virus-cell route to spread and 

virulent or velogenic strains consequently spread much better than attenuated or lentogenic 

strains. Here, we show that the cell-free virus-cell route is blocked when cells are persistently 

infected (PI). We also found that NDV used cell extensions to spread from one cell to another 

one in PI cells, even over relatively long distances. Although direct cell-to-cell spread was not 

as fast as the cell-free virus-cell route for NDV, this route was required to maintain PI cells, 

resist superinfection exclusion and to enhance co-infection by either lentogenic or velogenic 

viruses. 

Introduction 

Viruses can spread among cells in two different ways: cell-free virus-cell and cell-to-cell (1-3). 

Almost all viruses use cell-free virus-cell transmission, as long as infected cells produce 

mature virus progenies. Viable particles can be released into the extracellular space and 

remain stable until they reach new target cells (2). Cell-to-cell transmission requires a 

connection between donor and receiving cells (1-3). Viruses can use existing connections 

between cells to spread. For example, measles virus and herpesviruses are transmitted 

between neuronal cells via neurological synapses (4-7). When there are no preexisting 

contacts between cells, new connections can be formed, driven by the viral infection. The 

murine leukemia virus, for example, expresses viral envelope (Env) protein to build cell-cell 

contact for transmission of the virus (8-10). Another example is the human metapneumovirus, 

which induces cell reshaping that consists in long cell extensions linking infected and 

uninfected cells to enable viral spread (11).  

Cell-to-cell dissemination can be very effective, since the virus does not need to complete all 

the steps to generate a free viable particle. Indeed, incomplete viral particles or even genomic 

materials can be transferred through connections between infected and uninfected cells, 
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resulting in more rapid transmission of the virus (1-3). For example, cell-to-cell spread is 

more efficient for human immunodeficiency virus (HIV) and hepatitis C virus (HCV) than 

transmission via cell free virus, resulting in a shorter progeny generation time (12, 13). In 

addition, the cell-to-cell mode can help the virus to circumvent barriers imposed on cell free 

viruses like neutralizing antibodies or antiviral drugs (14). In contrast, some viruses mainly 

use the cell-free virus-cell route to spread but may switch to cell-to-cell transmission under 

adverse circumstances (3). However, neither the mechanisms that underline the switch from 

the cell-free virus-cell to the cell-to-cell route, nor the impacts of the switch on the virus 

spread are currently well understood. 

Newcastle disease virus (NDV) belongs to the genus Avulavirus, family Paramyxoviride with 

a single negative RNA strand (15). Cell-to-cell transmission of some viruses has been already 

identified in the order Mononegavirales, e.g. for parainfluenza virus 5, respiratory syncytia 

virus, measles virus and human metapneumovirus (5, 11, 16, 17). NDV infections initially 

depend on the interaction of the Hemagglutinin-Neuraminidase (HN) protein with sialic acid 

receptors on the cells (18-20). After this interaction, the fusion (F) protein starts a series of 

conformational changes from a pre-fusion to a post-fusion structure to merge the virus and 

cell envelopes and then releases viral RNA and proteins inside the cell for replication (21-25). 

The cleavage site of the F protein can have different motifs targeted by different types and 

localizations of proteases. If there are at least three basic amino acids at the cleavage site, the 

F protein can be cleaved by proteases that are widely distributed in the host, thus allowing the 

virus to cause a systemic infection, which is one of the characteristics of velogenic strains. In 

contrast, a cleavage site with fewer basic amino acids can only be cut by trypsin-like 

proteases, which are usually restricted to the respiratory and digestive tracts (26-28). 

Consequently, velogenic NDV strains are easier to amplify in cell cultures because their 

cleavage site (virulent-like cleavage site: VCS) can be activated by cell proteases, whereas 

attenuated strains cannot, since trypsin-like proteases are not excreted by cultured cells 

(28-30). Viral spread can also be influenced by HN protein expression, because the 

neuraminidase component of this protein destroys the viral receptors on the surface of the 

infected cell surface thereby preventing superinfection during virus replication and 

self-reassociation of the newly released free virus particles (31-33). Some cells can be 

persistently infected by NDV and these cells continuously express HN protein (34-37)., We 

thus hypothesized that the establishment of PI cells would be a good way to study NDV 

switching from the cell-free virus-cell spread way to the cell-to-cell route.  
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To this end, we generated fluorescent NDV strains by reverse genetics and used them to 

establish persistently infected (PI) BHK-21 cells. The PI cells were maintained and passaged 

as normal cells. Here we show that NDV transmission is switched from the conventional 

cell-free virus-cell to the unusual cell-to-cell spread route in PI BHK-21 cells. The switch is 

driven by an interference state in PI cells associated with consistent HN protein expression 

and possibly with the presence of defective interfering particles (DIPs) in these cells. We also 

show that the cell-free virus-cell transmission can be restored and virus replication can 

rebound in PI cells when interference is reduced. We also observed that cell-to-cell 

transmission helps the virus overcome superinfection exclusion and consequently improves 

the co-infection ratio in PI cells.  

Materials and Methods 

1. Viruses and cells 

NDV MG-725 (hereafter referred to as the M strain) is a velogenic strain isolated from 

chickens in Madagascar (38). MG-725/Cherry (M-R strain), MG-725/EGFP (M-E strain)  

MG-725/Fmu/Cherry (M-F-R strain), MG-725/Fmu/EGFP (M-F-E strain) were generated by 

reverse genetics based on the M strain and incorporated either a Cherry or an EGFP cassette 

expressing red or green fluorescence protein, respectively (39). M-F-R and M-F-E strains had 

their fusion cleavage site modified to become attenuated. All these strains were amplified in 

10 day-old specific pathogen free (SPF) chicken embryos (Couvoir de Cerveloup, France). 

After three days of infection or death of the chicken embryo, allantoic liquids were harvested 

and stored at -80 . Baby hamster kidney cells (BHK-21) persistently infected with M-F-R, 

M-F-E, M-E strains were named B-MFR, B-MFE and B-ME, respectively. B-MFR-ME cells 

were persistently co-infected by M-F-R and M-E strains. All these cells were grown in 

Eagle’s Minimum Essential Medium (Gibco) with 10% fetal bovine serum (FBS) 

(PAN-Biotch) and cultured at 37 , with 5% CO2.  

2. Construction and overexpression of plasmids  

EGFP, Cherry and MG-725 strain HN genes were amplified from pEGFP-C1 (Clontech, 

France), pmCherry-N1 (Clontech, France) and pMG-725 (in house) plasmids and cloned into 

pCI-neo (Clontech, France) between CMV promoter and PolyA to obtain pCI-neo-EGFP, 

pCI-neo-Cherry, pCI-neo-HN, respectively. The EGFP cassette was then inserted into pCMV 
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(in house) plasmid to obtain pEGFP. The Cherry and HN cassettes were cloned into pEGFP to 

obtain pCherry-EGFP and pHN-EGFP plasmids, respectively. All these plasmids were 

purified with Quik Plasmid Miniprep kit (Invitrogen) and stored at -20

The pEGFP-C1, pHN-EGFP and pHN-EGFP (0.5 µg each) were transfected into BHK-21 

cells by Lipofectamine 2000 (Invitrogen). One day after transfection, EGFP or Cherry 

expressions were checked under a fluorescent microscope. The cells were then collected, the 

RNA was extracted (RNasy Mini Kit; QIAGEN) and then digested by TURBO DNase 

enzyme (Ambion). The mRNA from these digested RNA (Oligotex mRNA Mini Kit; 

QIAGEN) was purified and used to check EGFP Cherry or HN mRNA expression by 

RT-PCR. 

3. Transfection and infection 

1 10
5
 BHK-21 cells were seeded in 24-well plates overnight; 0.5 μg pEGFP-C1 or 

pHN-EGFP plasmids were transfected into BHK-21 cells using Lipofectamine 2000 

(Invitrogen). After 5 h, the media were replaced by MEM with 2% FBS. One day after 

transfection, the cells were infected with 10 M.O.I. of M-R strain. The fluorescent microscope 

was used to check EGFP and Cherry protein expression one day after infection. 

4. Establishment of persistently infected cell lines 

BHK-21 cells were seeded in 24-well plates (1 10
5
/well) overnight and then infected with 

10 M.O.I of each virus strain. When the infected cells again became confluent, they were 

transferred into 25 cm² cell flasks (T25) to obtain the B-MFR (PI cells with 

MG-725/Fmu/Cherry strain), B-MFE (PI cells with MG-725/Fmu/EGFP strain), B-ME (PI 

cells with MG-725/EGFP strain) and B-MFR-ME PI (PI cells with both MG-725/Fmu/Cherry 

and MG-725/EGFP strains) cell lines. Cells were subsequently passaged to new T25 flasks at 

3-day intervals. Supernatants and 5 10
5
 cells of each cell passage were harvested and stored 

at -80 . Flow cytometry was used to check the condition of EGFP expression of B-MFE and 

B-ME cell lines over passages. 

5. Viral virulence, replication and transmission 

The mean time of death of the chicken embryos (MDT) of viruses and the replication ability 

of virus strains were evaluated on 10 day old SPF embryos (40). In brief, 1000 50% tissue 



87 

 

culture infective doses (TCID50) of virus suspensions were injected into chicken embryos and 

allantoic liquids were harvested three days after infection or upon embryo death. The viral 

titer was then checked by hemagglutination assay (HA) (40) and with the TCID50 method on 

BHK-21 cells (41). Viral replication was performed on BHK-21 cells as follows: cells were 

seeded in 24-well plates overnight and then infected with 0.01 M.O.I of virus. Next, 100 μl of 

supernatants were collected at 24 hour intervals over three days to determine viral titers by 

TCID50 on BHK-21 cells. Fluorescent images of infected cells were taken every day to 

monitor viral transmission in normal cells. For M-E and M-F-E strains, the relative numbers 

of cells infected by the virus were also determined by flow cytometry.  

To check viral transmission in PI cells, 5 10
4 

B-MFE cells from the 23
rd

 and 25
th

 passages 

and 5 10
4 

B-ME cells from the 19
th

 and 21
st
 passages were seeded in 24-well plates and 

harvested every day over three days for EGFP cell enumeration by flow cytometry. These 

different passages were selected to achieve between 60% and 80% of EGFP positive cells 

with more spaces between the cells to enable monitoring of the spread of the virus from 

infected to uninfected cells.  

6. Infection of PI cells 

PI cells were seeded in 24-well plates (1 10
5
/well) overnight. B-MFR cells were infected 

with 10 M.O.I of either the M-F-E or the M-E strain. In parallel, B-MFE and B-ME cells were 

infected with 10 M.O.I of either the M- F-R or the M-R strain. The progress of the infection 

was monitored using a fluorescent microscope. The relative numbers of EGFP positive 

B-MFE and B-ME cells were measured by flow cytometry. 

7. Viral titration in PI cells 

Infective virus titers in the supernatants of B-MFE, B-ME and B-MFR-ME cells were 

determined using the TCID50 method on BHK-21 cells. Infective virus titers inside 

B-MFR-ME cells were determined as follows: during each passage, 5 10
5 

B-MFR-ME cells 

were collected and re-suspended in 200 μl of MEM, frozen and thawed 4 times, after which 

the clarified supernatants were used for viral titration. 

For gene expression quantification, total RNA was extracted from supernatants and cells of 

the B-MFR-ME cultures using the NucleoSpin RNA virus kit (MACHEREY-NAGEL) and 

RNasy Mini kit (QIAGEN), respectively. Next, viral NP, EGFP and Cherry RNAs were 
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quantified by real time RT-PCR (qRT-PCR) using Brillant  Ultra-Fast SYBR Green 

QRT-PCR Master mix kit (Agilent) with NP-F (5’-CGACTCATACATCAGAAACACC-’3) 

and NP-R (5’-GGAGTAAAGTTGTGCGTATTCA-’3), EGFP-F(5’-CGACCACTACCAGC 

AGAAC-’3) and EGFP-R (5’-GGTACCGTCGACTGCAGAAT-’3), Cherry-F (5’-CCTACG 

AGGGCACCCAGAC-’3) and Cherry-R (5’-AAGTAGTCGGGGATGTCGGC-’3) primers, 

respectively. 

8. Cell enumeration  

To compare the growth ability of PI cells, 5 10
4
 B-MFE and B-ME cells were seeded in 

24-well plates and stained with AlamarBlue (Thermo Fisher Scientific) every 24 hours for 

three days. Cells were enumerated under the microscope using the cell counting plate. Also 

under the microscope, 10 fields of B-MFR-ME cells (the first day after passage) were 

randomly selected from each passage and white, red fluorescent and green fluorescent images 

were taken of these fields and enumerated using ImageJ software (42).  

9. Indirect immunofluorescence 

NDV proteins were detected by indirect immunofluorescence (IFA) using a polyclonal 

chicken antiserum. Briefly, B-MFE or B-ME cells grown in 24-well plates were washed three 

times with PBS and then fixed in 4% PFA at room temperature (RT) for 20 min, incubated 

with 0.2% Triton-X100 at RT for 5 min, blocked with 1% BSA at RT for 20 min and 

incubated with 1/100 dilution of NDV polyclonal chicken antiserum (ID-Vet, France) at RT 

for 1 h, each step being separated by three washes in PBS. The chicken antiserum was finally 

removed and the cells were washed five times for 5 min in PBS. Next, a 1/1000 dilution of a 

goat anti-chicken IgY TRITC conjugate antibody (Life technologies) was added for 1h at RT. 

Cells were washed as before, then incubated with 1/5000 dilution of Hoechst (Life 

technologies) at RT for 15 min and finally washed three times in PBS. The fluorescent 

microscope was used to view the cells. 

10. Interference capacity of PI cell supernatants 

Supernatants of PI or normal cells were inactivated by 30 W UV irradiation for 30 min. After 

irradiation, the supernatants were used to infect BHK-21 cells to confirm the complete 

inactivation of the viral suspensions. Normal BHK-21 cells were seeded in 96-well plates (1

10
4
/well). The cell medium was removed one day later and the cells were incubated at 
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37 , with 5% CO2 for 20 h with 100 μl of irradiated supernatants from PI or normal cells, 

either undiluted or diluted 1/10 in MEM. The cell supernatants were then discarded and the 

cells were washed twice in MEM and infected by 1 M.O.I. of M-E strain. One day after 

infection, EGFP expression was checked by microscopy and flow cytometry. In addition, 100 

μl of the supernatant of these cells were injected into 10 day old SPF embryonated eggs, 

which were then incubated at 37  for three days. After incubation, the egg’s allantoic 

liquids were harvested and the viral titer determined by HA and TCID50. 

Results 

1. NDV replication and transmission in naïve BHK-21 cells depend on the nature of the 

cleavage site of the F protein. 

NDV virulence can be affected by many factors (43). Here, two fluorescent genes (EGFP and 

Cherry) were inserted between the P and M genes of the virulent MG-725 strains to obtain 

M-E and M-R strains. Insertion resulted in an extended virus MDT in the eggs from 48 hours 

to 72 hours, providing evidence for reduced virulence. The F protein cleavage site of M-E and 

M-R strains consists of five basic amino acids (
112

RRRRRF
117

). When changed to 

112
GRQGRL

117
 by reverse genetics, the MDT of M-E and M-R strains (hence named M-F-E 

and M-F-R) was delayed from 72 hours to more than 120 hours, which is characteristic of 

attenuated lentogenic viruses. (Fig. 4.1A, Table 4.1).  

Although the insertion of a gene between P and M genes and modification of the cleavage site 

affected the kinetics of embryo death induced by the different viruses, the virus titers in the 

allantoic fluids did not differ significantly between the viruses (around 9log2 HA and 13log10 

TCID50/ml, Table 4.1). This is probably because the allantoic fluid contains trypsin-like 

proteases that allow efficient cleavage of the F protein of both lentogenic and velogenic 

strains. In contrast, growth ability differed significantly between velogenic (virus with VCS) 

and lentogenic (virus without VCS) viruses in the BHK-21 cells. For M, M-E and M-R strains, 

the cell-free viral titer increased from around 5 to 9.5log10 TCID50/ml from the 1
st
 to the 3

rd
 

day of infection, while M-F-E and M-F-R strains were unable to replicate in BHK-21 cells 

(Fig. 4.1B).  
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Table 4.1 Properties of the viruses produced and used in this study 

a: Hemagglutination assay. b: Tissue culture infective doses. c: Mean time of death. 

 

 

 Virus titer Chicken embryo mortality 

Viruses 

HA
 a
 

(Log2) 

TCID50
 b
 

(Log10/ml) 

MDT 
c 

(Hours) 

M 8.67±1.53 13.55±1.83 48 

M-F-E 9±0 13.22±1.38 >120 

M-E 9.33±0.58 13.78±0.19 72 

M-F-R 9±0 13.33±1.34 >120 

M-R 8.67±0.58 13±1.67 72 

 

 

In addition, many more cells showed fluorescence two and three days after infection with 

M-R and M-E strains than after infection with M-F-R and M-F-E strains (Fig. 4.1C). This 

result was confirmed by flow cytometry. EGFP positive cells increased from 11% to 79% 

from one to two days after infection with M-E strains, whereas they remained between 0.6% 

and 1% with M-F-E strains (Fig. 4.1D). Furthermore, M-E and M-F strains produced cell 

syncytia in culture whereas M-F-E and M-F-R strains did not (Fig. 4.1C). Altogether, these 

results indicate that NDV with and without VCS showed different amplification and 

transmission efficiency in BHK-21 cells due to difference in their F protein cleavage site and 

ability to spread via the cell-free virus-cell and syncytia pathways.  
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Fig. 4.1. The cleavage site of the F protein determines NDV transmission in naïve cells. (A) Genome 

structure of the four fluorescent NDV strains generated and used in this study. These viruses differ in the 

fluorescent marker inserted between the P and M genes and the motif of the cleavage site of the F protein. 

112
RRRRRF

117 
represents the virulent or velogenic-like cleavage site and 

112
GRQGRL

117
 is the attenuated or 

lentogenic-like cleavage site. (B) BHK-21 cells were infected with the four different viruses at M.O.I of 

0.01. Virus titers in the cell supernatant were determined daily over three days post-infection as described in 

the Material and Methods section. Only the strains with the virulent-like cleavages site were able to grow in 

BHK-21 cells. (C) Images of BHK-21 cells used for virus titrations in the supernatants as described in (B) 

taken with a fluorescent microscope at magnification 10×. Only the two virulent strains developed lots of red 

or green fluorescence, with no apparent difference according to the marker. (D) The transmission of M-F-E 

and M-E strains in BHK21 was estimated by flow cytometry. Only the virulent strain increased the 

proportion of EGFP positive cells at 2 and 3 days post-infection.  Dots and associated bars represent 

means±standard deviation (SD) of triplicates. 
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2. Establishment of persistent infection in BHK-21 and virus transmission in persistently 

infected cells is independent of the F cleavage site. 

Persistent infection with NDV has been already described in some cells but to our knowledge, 

only viruses with VCS have been shown to establish persistent infection with viral RNA and 

protein expression and even excretion of viral particles (34-37). Here, we show that velogenic 

as well as lentogenic NDV can persistently infect BHK-21 cells. After infection with the M-E 

strain, marked cytopathic effects (CPE) were observed 24 h after infection with 10 M.O.I. The 

surviving cells and cells that remained attached required around 12 days to refill the wells: 

these persistently infected BHK-21 cells are referred to as B-ME. B-ME cells were passaged 

serially with continuous fluorescence expression and production of infective viral particles. 

The ratio of EGFP positive cells (infected cells) in B-ME cells ranged from 38% to 80% 

between the 6
th

 and 21
st
 passages and viral titers in the supernatants ranged from 4 to 9log10 

between the 1
st
 and 12

th
 passages (Fig. 4.2A to C). Interestingly, a viral rebound characterized 

by a marked increase in the virus titer in the cell supernatant was observed at passages 4-5 in 

B-ME cells (Fig. 4.2C). 

With the attenuated M-F-E strain, although CPE was not observed and EGFP positive cells 

were limited in number at M.O.I = 0.01, as described previously, CPE were clearly visible 

one day after infection with 10 M.O.I of virus. However, over a period of 6 days, attached 

cells gradually filled up the surface of the well, some cells still expressing EGFP. These 

attached cells (named B-MFE cells) were passaged and maintained as the B-ME cells with 

continuous expression of EGFP and production of infective viral particles. Like B-ME cells, 

EGFP positive B-MFE cells ranged from 22% to 76% between the 10
th

 and 25
th

 passages. 

However, viral titers in the supernatants of the B-MFE cells decreased compared to those in 

the supernatants of the B-ME cells, reaching 2 to 6.5log10 TCID50/ml between the 1
st
 and 

12
th

 passages (Fig. 4.2A to C). These results suggest that the cleavage site of NDV does not 

determine the establishment of persistent infection in BHK-21 cells but modulates the 

production of the virus, velogenic viruses maintaining persistent infection with higher titers 

than lentogenic viruses. 
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Fig 4.2. NDV spread in persistently infected cells occurs independent of the F protein cleavage site. (A) Image 

(magnification 10×) of persistently infected B-MFE and B-ME cells at the 21
st
 cell passage. No significant difference in 

fluorescence development between virulent and attenuated strains is visible. (B) This was confirmed by the relative 

proportion of EGFP positive cells enumerated by flow cytometry. At the 10
th

 passage, the percentage of EGFP positive cells 

in B-MFE cells was much lower than that in B-ME cells. Between the 11
th

 and 18
th

 passage, there was no longer any 

difference in the percentages of green cells between the two types of cells. Beyond the 18
th

 passage, the percentage of EGFP 

positive cells in B-ME and B-MFE cells oscillated around 60% and 50%, respectively. (C) In contrast, virus titers in the 

supernatants of the B-ME cells was 2 Log10 higher than in the B-MFE cells between the 5
th

 and 10
th

 passages, whereas 

thereafter, the titer in B-ME cells decreased to the level of that in the B-MFE cells. (D) B-MFE and B-ME cell growth 

abilities measured by cell enumeration after AlamarBlue staining (see Materials & Methods), did not differ over the first 

three days of culture at two different passages. (E) M-F-E and M-E virus transmission in PI cells was checked at the 19
th
 

and 21
st
 passages for B-ME and at the 23

rd
 and 25

th
 passages for B-MFE, respectively. These passages were selected because 

EGFP negative cells were more abundant in the previous passage which made it easier to monitor virus transmission. Every 

24 hours for 3 days, EGFP positive cells were enumerated by flow cytometry. Although there were more positive cells in 

B-ME cells, virus transmission in both B-ME and B-MFE cells was similar with a 10-11% increase on the second day and a 

3-6% decrease thereafter. These results were reproduced in 10 replications of two independent experiments. Error bars 

represent SDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 

 

In contrast, the growth ability of PI cells was similar whatever the virulence of the strain used 

for infection (M-E or M-F-E strain, Fig. 4.2D). Viral transmission dynamics were not affected 

in PI cells infected with lentogenic or velogenic viruses, as evidenced by the dynamics of 

EGFP positive cells. Indeed, from the 1
st
 to the 3

rd
 day of culture, the ratio of EGFP positive 

cells first increased by 10% and 11% and then decreased by 6% and 3% in B-ME and B-MFE 

cells, respectively (Fig. 4.2E). These results confirm that NDV transmission occurs in PI cells 

independently of the cleavage site, suggesting a different transmission pathway in PI cells 

than in naïve cells, in which velogenic strains spread faster and have a higher yield than 

lentogenic strains. 

3. Superinfection exclusion prevents cell-free virus-cell transmission in PI cells.  

One of the reasons viral transmission in PI cells differs from that in naïve cells could be the 

superinfection exclusion that can block the cell-free virus infection in PI cells. To test this 

hypothesis, 10 M.O.I of the M-R strain were used to infect naïve BHK21, B-MFE and B-ME 

cells. Upon infection with the M-R strain, B-MFE and B-ME cells showed only 60% of 

EGFP-positive cells (Fig. 4.3A). However, in the other 40% of cells, only rare cells became 

infected by M-R strain whereas almost all naïve BHK21 cells were infected 24 h 

post-infection (Fig. 4.3B). Nonetheless, no CPE developed in B-MFE and B-ME cells unlike 

in naïve BHK-21 cells, evidence that superinfection exclusion blocked infection by the virus 

in these cells (Fig. 4.3B).  

To check if this superinfection exclusion is linked to the inaccessibility of the virus receptor 

promoted by HN protein activity, BHK-21 cells were transfected to overexpress the HN 

protein with pHN-EGFP and secondarily infected with the M-R strain. One day after infection 

with the M-R strain, only 27% of the cells expressing  HN protein  (EGFP positive), were 

successfully infected and expressed Cherry protein in contrast to 97% of the control cells (Fig. 

4.3C and D), showing that HN can account for superinfection exclusion. Nevertheless, only 

60% of B-ME and B-MFE cells expressed the virus EGFP marker (Fig. 4.3A), and most of 

the EGFP negative cells were not infected by the M-R strain (Fig. 4.3A and 3B). These results 

suggest that other mechanisms than HN expression are behind superinfection exclusion. To 

test this hypothesis, normal BHK-21 cells were cultured with UV inactivated supernatants of 

B-ME or B-MFE for 20 hours and then challenged with 1 M.O.I of the M-E strain. 

Interestingly, there was almost no infection of BHK-21 cells pre-incubated with inactivated 

supernatants of B- ME cells and limited infection after pre-incubation with supernatants of B- 
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Fig 4.3. The cell-free infection is blocked in PI cells. (A) For superinfection assays, B-ME and B-MFE were selected at 

passages with percentages of EGFP positive cells around 60%. (B) These cells and control BHK-21 cells were infected with 

the M-R strain at a M.O.I of 10. Images (magnification 10×) were taken one day post infection. The results show that M-R 

strain has more difficulty infecting and replicating in PI cells than in naïve BHK21 cells. (C) BHK-21 cells were transfected 

with plasmids pCherry-EGFP, pEGFP-C1 or pHN-EGFP. EGFP, Cherry or HN mRNA were detected one day after 

transfection. pEGFP-C1 and pHN-EGFP transfected cells were infected with M-R strains at a M.O.I of 10. Images 

(magnification 10×) were taken of all cells the day after infection. Control pCherry-EGFP transfected cells show double 

fluorescence. Similarly, almost all pEGFP-C1-transfected cells show double fluorescence after infection by M-R virus at a 

high MOI. In contrast, only a small proportion of the pHN-EGFP-transfected cells show double fluorescence after infection 

with the M-R virus. (D) Inhibition of M-R virus infection in cells expressing the HN virus protein was further quantified by 

enumerating Cherry-positive cells with ImageJ software in more than 400 randomly selected green cells. (E) Undiluted and 

tenfold diluted UV-inactivated supernatants of BHK-21, B-MFE and B-ME cells were incubated with BHK-21 cells for 20 

hours. The media were then removed and the cells infected with M-E strain at a M.O.I of 1. Image of cells (magnification 

10×) one day later. A strong inhibiting effect of the inactivated undiluted and tenfold diluted supernatant of B-ME cells was 

observed on M-E infection and development. (F) This effect was further quantified by flow cytometry. The interference 

capacity of the B-MFE or B-ME supernatants was calculated and expressed in percentage as follows: (% of BHK-21 

EGFP-positive cells – % of B-MFE (or B-ME) EGFP-positive cells) / % of BHK-21 EGFP-positive cells. The undiluted 

B-ME supernatant induced almost complete inhibition, while the undiluted B-MFE supernatant induced half inhibition. 

Interestingly, the tenfold diluted B-ME supernatant was still able to achieve up to 60% inhibition, whereas the diluted B-MFE 

supernatant only achieved 20% inhibition. Data were generated from triplicates in one experiment. Error bars represent SDs. 
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Fig 4.4. PI cells are connected by cell extensions containing viral materials. (A) Infected and uninfected cells 

in PI B-ME cells can be seen to connect to each other through cell extensions containing EGFP, 

magnification 20×. These cell extensions can be very long, up to 1.3 millimeter, connecting very distant 

cells, based on ImageJ estimation. (B) Cell extensions in both B-ME and B-MFE cells contained EGFP and 

viral proteins (red immune staining as described in the Materials & Methods section, arrows identify 

connections), magnification 40×.The scale bar represents 100 µm. 

MFE cells. This interference was also dose-dependent (Fig. 4.3E). The interference capacity 

of undiluted an 1/10 diluted B-ME cell irradiated supernatants was 95% and 65%, 

respectively, whereas that of the B-MFE cell supernatant was 49% and 15%, respectively (Fig. 

4.3F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. The spread of NDV in PI cells occurs through cell-to-cell connections  

4.4. PI cells are connected by cell extensions containing viral materials. (A) Infected and uninfected
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In the previous sections, we showed that free virus particles could not infect PI cells that were 

either positive (infected) or negative (uninfected). We also showed that persisting virus can 

still spread in PI cells and infect new cells even though these cells are mostly resistant to 

infection by free virus particles. Thus, persisting virus transmission in these PI cells cannot 

rely on cell-free virus-cell spread. Paramyxoviruses like measles virus can use cell syncytia to 

spread between cells (4). The formation of syncytium depends on activation of the F protein 

(44). Consequently, the transmission of viruses with VCS would be expected to be more 

efficient than that of lentogenic viruses. However, this was not the case in the present study 

(Fig. 4.2E). This can only be explained by other cell-to-cell spread mechanisms than cell 

syncytia. It is known that some viruses can use cell physical connections to direct the 

transport of viral particles, RNA or proteins from one cell to another (1-3). In our PI cells, 

long cell extensions emerging from cell membranes were detected. Furthermore, some 

infected cells connected with each other or with uninfected cells through these cell extensions 

(Fig.4.4A). EGFP and viral proteins were observed in these cell extensions (Fig. 4.4B). These 

results suggest that, in addition to cell syncytia for virulent NDV strains, cell extensions can 

be used by virulent and attenuated viruses for cell-to-cell transmission when cell-virus 

free-cell transmission is inhibited. 

5. Velogenic NDV enables to infect cells already expressing or being invaded by lentogenic 

virus. 

Cell extensions are bridges that connect different cells thereby allowing direct transmission of 

the virus from one cell to another. Hence, we hypothesized that NDV spread would not be 

prevented by the expression of HN and the resulting destruction of the virus receptor. To test 

this hypothesis, BHK-21 cells were transfected with pHN-EGFP plasmid and infected with 

the M-R strain one day later. The expression of Cherry protein in EGFP-HN positive cells 

increased from 27% (Fig. 4.3C) to 86% (Fig. 4.5B) from the 1
st
 to the 2

nd
 day after infection 

with the M-R strain, showing that the virus was transmitted to cells overexpressing the HN 

protein. In addition, cell extensions and connections between double EGFP and Cherry 

positive cells were clearly visible at 2 days post-infection (Fig. 4.5A), suggesting that these 

formations were used by the virus to spread. We already showed (Fig. 4.3B) that B-ME cells 

were not permissive to M-R strain one day post-infection. This superinfection exclusion was 

extended up to 5 days post-infection (Fig. 4.5.C). In contrast, in B-MFR cells infected with 10 

M.O.I of the M-E strain, superinfection exclusion was observed one day post-infection as 
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expected (data not shown) but was progressively circumvented by the M-E strain, with a clear 

increase in green cells from the 3
rd

 to the 5
th

 day post-infection (Fig. 4.5D). On the 5
th

 day 

after infection, a large proportion of Cherry positive cells also expressed EGFP, but CPE did 

not develop, and the extent of M-E strain infection was less than that normally observed in 

naïve cells infected with this virus. In other experiments, we observed that velogenic strains 

exclude superinfection by lentogenic strains (data not shown). Furthermore, the M-F-E strain 

was unable to infect B-MFR cells (data not shown). Altogether, these results show that only 

velogenic strains can overcome superinfection exclusion when the cell-free virus-cell pathway 

is blocked by HN protein expression or avirulent strain infection in advance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5. NDV can circumvent the inhibition pressure on infection and superinfection. (A) BHK-21 cells 

transfected with pHN-EGFP as described in Fig. 3C, show an increased proportion of double positive cells 

under the fluorescence microscope, 2 days after infection compared to 1 day (see Fig. 4.3C). In addition, cell 

extensions are visible (see arrows) at magnification 20×. (B) This was further confirmed by around 300 

EGFP cells counting by ImageJ software, with more than 80% of the cells expressing green fluorescence 

(due to pHN-EGFP transfection), and were also red 2 days after M-R infection, versus 20-30% 1 day after 

infection (see Fig. 4.3D). (C) B-ME cells infected with the M-R strain as described in Fig. 3B, were 

monitored 3 to 5 days post-infection to show that superinfection exclusion persisted, magnification 10×. (D) 

In contrast, B-MFR cells could be infected by M-E strain, suggesting that velogenic strains have the capacity 

to circumvent superinfection exclusion. The scale bar represents 100 µm. 
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6. Uninfected cells between persistently infected cells play a pivotal role in superinfection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the previous section, we showed that the M-E strain preferred to infect Cherry-negative 

cells of B-MFR and then gradually invade cells already expressing red fluorescence which 

suggested that uninfected cells contribute to superinfection. To test the hypothesis, we 

Fig. 4.6. Naïve cells improve superinfection of infected cells. (A) BHK-21 cells were infected with the M-E 

strain and then, 4 hours later, B-MFR cells were added in the culture, named BHK-21+M-E+B-MFR. B-MFR 

cells were also directly inoculated with the M-E strain, named M-E+B-MFR. Green or red fluorescent images 

(magnification 20×), were taken 7 and 14 days post-infection as indicated in the figure. (B) More than 300 

EGFP cells, described in (A), were randomly selected to check the expression of red fluorescence with ImageJ 

software. Results show that the more M-E infected cells in the population, the more double fluorescent 

(co-infected) cells. Data were generated from three independent experiments. Error bars represent SDs. 
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co-cultivated BHK21 cells infected with the M-E strain and B-MFR cells. Naïve BHK21 cells 

were seeded in a T25 cell culture flask (2.5 10
5
cells) and infected with 10 M.O.I of the M-E 

strain. Cells were washed twice 1 h post-infection and 2.5 10
5 

B-MFR cells were added 4 h 

post-infection. Under this protocol and after 7 days of co-culture, 78% of M-E infected cells 

also became infected by M-F-R strain, as evidenced by double red-green fluorescence. In 

contrast, double fluorescent/infected cells peaked at only 34% 7 days after B-MFR cells were 

infected with 10 M.O.I of M-E strain. This percentage increased to 71% 14 days 

post-infection (Fig. 4.6A and B). These observations suggest that superinfection may result 

from cell-to-cell transfer of infection from cells primarily infected with the M-E strain to cells 

infected by M-F-R strain. 

7. Cell extensions linked to significant improvement in co-infection of cells by velogenic and 

lentogenic viruses. 

If the M-E strain can superinfect cells previously infected with M-F-R virus through cell 

extensions, then normal cells challenged simultaneously by M-E and M-F-R should also be 

able to develop connections between EGFP and Cherry-positive cells by cell extensions. To 

confirm this hypothesis, BHK-21 cells were simultaneously co-infected with 10 M.O.I of the 

M-F-R strain and 10 M.O.I of the M-E strain to generate double PI cells denominated 

B-MFR-ME. Cells showed CPE on the first day following the combined challenge. The 

remaining attached cells were then able to refill the well and express EGFP and Cherry 

proteins around 11 days after infection (Fig. 4.7A). These persistently co-infected cells 

(B-MFR-ME) were subsequently passaged and maintained as normal BHK-21 cells (Fig. 

4.7B).  

The dynamics of the ME virus in B-MFR-ME cells and in the supernatants were similar to 

those observed in the single persistently infected B-ME cells in terms of virus RNA 

expression and virus titers (Fig. 4.7C to F). In contrast, the M-F-R virus maintained itself at 

almost undetectable levels after the 6-7
th

 passage (virus RNA expression was still detected) 

while it persisted in B-MFR cells. Like in single infection, the M-E virus displayed a rebound 

phase around the 5
th

 passage in B-MFR-ME cells. The M-F-R virus also showed a rebound 

phase in these cells, but much more limited in magnitude. The rebound phase of the ME strain 

was linked to an increase in the percentage of EGFP fluorescent cells between the 1
st
 and 2

nd
 

day of the 5
th

 passage (Fig. 4.7G). The ratio of EGFP positive cells increased from 41% to 
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81% whereas it only increased by 4% in Cherry-positive cells (Fig. 4.7G and H), suggesting 

cell-free virus-cell transmission at this passage. These results suggest that the viral rebound 

seen in persistently infected BHK-21 cells after 4 consecutive passages is probably linked to 

the transient recovery of a cell-free virus-cell transmission pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the transient recovery of a cell free virus cell transmission pathway.

Fig. 4.7. Velogenic NDV strains can rebound in persistently co-infected BHK-21 cells. (A) BHK-21 cells 

were infected with 10 M.O.I of both M-F-R and M-E strains at the same time. Images (magnification 10×) of 

cells taken 1, 3 and 11 days after infection, After a marked CPE developed 1 day post-infection, cells 

recovered by the 11
th

 day post-infection. (B) At 11 days post-infection, cells were passaged 12 times and 

images (magnification 10×) were taken on the 3
rd

 day of each of the 1
st
, 5

th
 and 12

th
 passages. Results show 

that the attenuated M-F-R strain progressively vanished while M-E persisted. (C and D) 5×10
5
 cells and their 

supernatants were collected on the 3
rd

 day of each passage from the 1
st
 to 12

th
 passage. The viral NP, Cherry 

and EGFP RNAs in these cells and their supernatants were quantified by qRT-PCR. In agreement with the 

previous fluorescence microscopy observations, M-E RNA remained at a high level, while M-F-R RNA 

progressively decreased by 3 Log10. A noticeable rebound effect was observed at the 5
th

 and 6
th

 passages 

mainly for the M-E virus, but also for M-F-R strain. (E and F) M-F-R and M-E viruses in cells or in their 

supernatants were titrated in BHK-21 cells. Again, a viral rebound was confirmed at the 5
th

 and 6
th

 passages, 

but of different magnitudes for the M-F-R and M-E strains, followed by a decline in virus titers for both 

strains, and the M-F-R virus became undetectable after the 7
th

 passage. (G and H) Viral transmission in 

B-MFR-ME cells. Cells were enumerated by ImageJ on the 1
st
 and 2

nd
 days of the 2

nd
, 4

th
 and 5

th
 passages. 

The viral rebound is clearly visible between the 1
st
 and 2

nd
 second day of the 5

th
 passage of M-E. Images 

(magnification 10×) confirm the rebound effect for M-E at the 5
th

 passage. 
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The dynamics of M-E infection in B-MFR-ME cells already infected by M-F-R was followed 

by normalization versus the ratio of Cherry-positive cells. M-F-R and M-E double-infected 

cells fluctuated at around 15% during the first five passages, and suddenly increased to 62% 

and 76% at 6
th

 and 7
th

 passage, respectively. Even if Cherry-positive cells were scarce from 

the 9
th

 to the 19
th

 passage and suddenly increased at the 20
th

 passage for unknown reasons 

(Fig. 4.8A and B), these cells always expressed EGFP. The expansion of co-infection across 

the passages appeared to be related to cell-to-cell transmission of the virus via a cell extension, 

because Cherry and EGFP double-positive cells had long connecting cell extensions, some up 

to 1.4 mm in length, that were easy to see at the 6
th

 passage, but were less clear at other 

passages (Fig. 4.8C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. 8. Dual infection of cells improved in PI cells co-infected by M-E and M-F-R strains. (A) From the 1
st
 

day of the 1
st
 to 8

th
 passage, the number of red cells (infected by M-F-R strain) also showing green 

fluorescence (infection by M-E strain) increased at the 6
th

 passage and reached 100% at the 20
th

 passage. (B) 

Images (magnification 10×) showing dual infection on the 1
st
 day of the 1

st
, 6

th
 and 20

th
 passage of 

B-MFR-ME cells. Arrows indicate cells co-expressing EGFP and Cherry proteins. (C) Dual infected cells 

can connect via cell extensions (see arrows) as shown in the images (magnification 10× or 20×) taken on the 

second day of culture of the 6
th

 passage. The scale bar represents 100 µm. 
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8. Cell-free virus-cell transmission and virus rebound inversely correlates with the 

interference capacity of PI cells. 

The interference capacity of PI cell supernatants was quantified during the successive 

B-MFR-ME cell passages. As already shown in the previous sections, a viral rebound was 

evidenced by an increase in the percentage of fluorescent cells at the 5
th

 passage (Fig. 4.9A). 

This rebound was attributed to the ME virus alone, since the fluorescence generated by the 

M-F-R virus was almost lost at the 7
th

 passage. Interestingly, at the 4
th

 passage preceding the 

virus rebound, the ratio of infected cells was the lowest and supernatants were less able to 

interfere in the virus infection than at any other passages in B-MFR-ME cells (Fig. 4.9A and 

B). Similarly, the weakest interference capacity of cells or cell supernatants coincided with 

the rebound of ME virus titers (Fig. 4.9C). 

Since BHK-21 cells are interferon (α/β) defective (45-47), interference in NDV PI cells 

cannot be ascribed to an interferon-mediated antiviral response. During passages of 

B-MFR-ME cells, the RNA of the M-F-R strain was always detected up to the 12
th

 passage, 

whereas no more infective M-F-R particles were detected after the 7
th

 passage. In addition, 

M-E virus titers decreased continuously from the 7
th

 to the 12
th

 passage whereas the number 

of viral RNA copies remained high (Fig.4.7C to D). This apparent discrepancy could be 

explained by the generation of defective virus particles (DIPs) over time (47). This hypothesis 

is supported by the fact that UV-treated PI cell supernatants retained their interference 

capacity (Fig. 4.9B). The interference observed in cell culture was further confirmed in 

another more sensitive amplification system using chicken embryos. Three days after 

inoculation with supernatants from different passages of B-MFR-ME cells, viral titers in the 

allantoic fluids of chicken embryos gradually decreased over successive passages, as 

evidenced by HA and TCID50 titers (results not shown). B-MFR and B-ME cell supernatants 

also revealed this interfering phenomenon. Interestingly, the supernatant of the 12
th

 passage of 

B-ME cells almost totally blocked viral growth in chicken embryos, because after three days 

of incubation, the virus titer in the allantoic fluid remained unchanged at 4 Log10 TCID50/ml. 

These results are also compatible with the increased presence of DIPs in these PI cell 

supernatants over successive cell passages. 

 

 



104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9. Viral rebounds coincide with a reduction in the capability of PI cells and their supernatants to 

interfere with the infection. (A) The dynamics of infected B-MFR-ME cells was reproduced in this assay. 

From the 1
st
 to the 12

th
 passages of B-MFR-ME cells, 10 fields were randomly chosen to take pictures on the 

1
st 

day of culture. Fluorescent cells were counted with ImageJ software based on fluorescent protein 

expression. A clear reduction in EGFP-positive cells (infected by M-E strain) was observed at the 3
rd

 and 4
th
 

passages followed by a rebound at the 5
th

 – 6
th

 passages, in agreement with the results of the assay presented 

in Fig. 7. In contrast, Cherry-positive cells infected with the M-F-R strain progressively declined and became 

almost undetectable from the 7
th

 passage on. (B) The dynamics of interference in B-MFR-ME cell 

supernatants was also monitored. Supernatants were collected after 3 days of culture at each passage. The 

interference capacity of each medium was checked as described in Fig. 3. Data are from three replications of 

one experiment. Error bars are SDs. (C) The relationship between the dynamics of the M-E virus titer and the 

interference capacity in the supernatants of B-MFR-ME cells. For easier visibility, the dynamics of the M-E 

virus titers in supernatants is shown as differences between the current passage and the previous one. The 

dashed red rectangle indicates the point of viral rebound on B-MFR-ME cells. 



105 

 

Discussion 

To obtain evidence for a cell-to-cell transmission pathway for virus spread, the cell-free 

virus-cell transmission pathway first has to be blocked. This can be achieved in different ways. 

Viral budding and release of viable particles can be prevented by modifying or deleting the 

viral matrix (M) protein. Deleting the M protein in the Sendai, Measles and Nipah viruses was 

shown to reduce the release of viable particles and concomitantly to promote the spread of the 

virus by cell-to-cell transmission through syncytia (48-50). Neutralizing antibodies can also 

block cell infection by free virus particles. For example, cells infected by the hepatitis C virus 

and then cultured in the presence of neutralizing antibodies showed efficient cell-to-cell virus 

transmission (12). Increasing the viscosity of the cell medium can also slow down the virus 

spread by reducing the cell-free virus-cell transmission and favoring cell-to-cell transmission 

(11). In this study, we show that the destruction of cell receptors for NDV by overexpression 

of the viral HN protein or pretreatment of cells with inactivated supernatants of persistently 

infected cells can also reduce the cell-free virus-cell infection in PI cells. Interestingly, the 

effect was obtained with an unmodified virus (no genome editing) and with no extraneous 

additives. In fact, many viruses, including NDV, the measles virus, Tacaribe virus, Junin virus, 

Japanese encephalitis virus, and respiratory syncytial virus, develop persistent infection after 

acute infection and persistently infected cells can be maintained for a long period resisting 

from further free-virus infection (34, 51-55). Therefore, the options we chose in this study to 

block cell-free virus-cell infection could be used to obtain more information about cell-to-cell 

transmission in a wide range of viruses, especially viruses that usually spread using the 

cell-free virus-cell pathway.    

Persistent infections do not only depend on the infecting virus. Interactions between cells and 

viruses, and between infected and susceptible cells, certainly play a role. Consequently, the 

mechanisms involved in PI may vary according to the type of virus and the type of cell. Up to 

now, two main mechanisms have been described as underlying persistent infections, the 

production of defective interfering particles or DIPs, and fine-tuned regulation through the 

interferon system. For instance, it has been shown that DIPs help Japanese encephalitis virus 

to establish PI in BHK-21 cells (56), while interferon promotes PI for Adenovirus 5 in 

human HDF-TERT cells (57). In our model, interferon cannot account for NDV PI in BHK21 

because these cells are defective for interferons. Our results also show that when infective 

viral particles are not detected in PI cells, a relatively high level of NDV RNA can 
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nevertheless be detected. In addition, inactivated supernatants from PI cells transfer the 

property of superinfection exclusion to naïve cells. Taken together, these observations 

strongly suggest the presence of DIPs in our model. In our model, we cannot rule out the 

possibility that uninfected cells from PI cells are actually tolerant to NDV acute infection, as 

previously shown using chicken induced pluripotent stem cells (58). Indeed, in this study, we 

did not clone uninfected cells to evaluate their susceptibility to cell-free virus-cell infection 

from PI cells.  

To establish and maintain PI in vitro or in vivo, cells or hosts have to control virus replication 

and keep the generation of new infective viral particles below a threshold that would 

jeopardize the survival of the cell or host. A range of control measures are used, including 

naturally derived countermeasures like virus receptor disruption, DIPs, innate or acquired 

antiviral immune responses, or artificial measures based on antiviral biochemicals. However, 

measures need to be sustained to prevent viral rebounds when the pressure declines. In HIV, 

the duration of the viral RNA rebound is indeed inversely related to the host’s ability to 

activate antiviral immunity (59). Similarly, antiviral drugs contain HIV replication in a 

limited number of tissues in the host, but rebounds are observed in a wide range of tissues 

when antiretroviral therapy ceases (60, 61). The quantity of measles virus RNA peaks when 

antibodies reach their lowest level (62). With the Ebola virus, infective virus particles rebound 

when the Ras/MAPK pathway is activated in PI cells (63). With the Junin virus, rebounds 

always appear after the drop of DIPs in PI BHK-21 cells (47). Our results suggest that HN 

protein expression and DIP production in PI cells may be responsible for reducing the 

generation of infective viral particles. HN protein expression can limit virus infection by 

destroying the receptors, as previously demonstrated (33), but it is not clear how DIPs achieve 

the same. Whether it happens on receptor recognition virus entry viral transcription or 

replication requires further analyses.  

In this study, we provide evidence that the interference capacity of PI cells in viral rebound 

and cell-free virus-cell spread, force the virus to select an alternative route based on the less 

efficient cell-to-cell transmission. The formation of syncytia is one way for the virus to spread 

from cell-to-cell (48-50). Many viruses can force cells to fuse to generate syncytia. With 

NDV, only membranes expressing activated F protein can form syncytia, although the size of 

syncytia is also affected by deleting or modifying some amino acids of the HN protein (19, 32, 

64-66). However, although the formation of syncytia is one type of cytopathic effect mainly 
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observed with NDV containing VCS, it only allows the virus to spread into surrounding cells 

(16). In normal conditions, NDV mainly spread using the cell-free virus-cell pathway. The 

transmission of virus with VCS is thus much more efficient than that of virus without VCS. In 

contrast, when the cell-free virus-cell transmission is blocked, both velogenic and lentogenic 

viruses use the cell-to-cell transmission route with similar efficiency. These viruses are able to 

spread to remote cells through cell extensions that connect cells over long distances, in 

contrast to syncytia. It is not clear how these cell extensions are formed. In other viruses, actin 

rearrangements are involved in the formation of cell extensions (11, 16). Knockdown of 

actin-related protein 2 could affect the transmission of the respiratory syncytia virus (RSV) 

via cell extensions, while the spread through syncytia is not influenced (16). NDV entry also 

induces cellular actin rearrangement (67) which could also be involved in the formation of 

cell extensions. The nature of the trafficking in these cell extensions induced by NDV is not 

yet known. It could involve nucleocapsids or viral replication bodies, as is the case in human 

metapneumovirus infections (11) or viral particles, as in RSV infections (16). 

Viral recombination or reassortment occur when at least two different viruses co-infect the 

same cell (68). In the case of the influenza virus, the proportion of reassortants is related to 

the frequency of co-infection (69) which itself depends on the virus charges and time lags 

between infection by different viruses. Small virus charges and longtime lags significantly 

decrease the co-infection frequency due to superinfection exclusion (69, 70). Superinfection 

exclusion is quite common for viruses, especially for viruses that are able to destroy the cell 

receptor to prevent self-attachment and virus sequestration (33, 51, 71). NDV is one of these 

viruses and the pressure of superinfection exclusion may strongly limit the possibility to 

generate recombined viruses in nature. Even if recombination in nature is probably not so 

easy for NDV, there are still few viruses claimed as recombinant strains (72, 73). In addition, 

more and more NDV genome information is provided with deep sequencing, which resulted 

in more and more strains identified as recombinants (85). However, other publications suggest 

that recombination could be artificial due to sequencing based on PCR contamination or 

mixed isolated strains (86). This issue could be dealt if there was model that can be used to 

test NDV recombinant under laboratory conditions. Here, we showed in vitro that the NDV 

velogenic M-E strain successfully infected cells already persistently infected with a lentogenic 

M-F-R virus, opening the opportunity for recombination events. This infection did not 

generate syncytia and infection was very slow compared to infected naïve cells.  
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Superinfection at the level of a population does not necessarily imply an increase in 

co-infection, since only uninfected cells may catch the second infection (74-77). However, in 

our system, co-infection was significantly enhanced and linked to cell extensions from the 6
th

 

passage of B-MFR-ME cells. Co-infection even reached 100% in the late passages of PI cells. 

Influenza virus can also spread via cell extensions (17). For those viruses, ours and possibly 

others, superinfection through cell extensions in a context of persistent infection may support 

the possible occurrence of viral recombination or reassortments (72, 73, 78-84).                               
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Abstract 

Newcastle disease (ND) is a high threat for the poultry industry. Live vaccines are widely 

used to prevent this disease all over the world. They were originally derived from lentogenic 

Newcastle disease virus (NDV) strains isolated 70 years ago. Since then, the viral evolution 

has resulted in extended genetic distance between recent NDV isolates and vaccine strains, 

especially on the fusion (F) and hemagglutinin-neuraminidase (HN) genes that are encoding 

the protective antigens. There are a number of published data showing that the 

immunoprotection conferred by the current commercial ND living vaccines provides 

protection against disease but cannot prevent viral shedding when immunized chickens are 

challenged by a recent virulent genotype strain. To deal with this issue, some new vaccines 

homologous to recent genotypes have been generated, but those vaccines have been showed 

to prevent viral shedding only for the same genotype. Our group has described in 2008 the 

recent virulent genotype XI responsible for ND outbreaks in Madagascar. In spite of the 

established virulence of the genotype XI, it was recovered both from cloacal and tracheal 

swabs from an unvaccinated and apparently healthy chicken suggesting genotype XI strains 

can escape the immune responses conferred by current commercial vaccines. Our group in 

collaboration with ANSES Ploufragan has previously performed an experimental trial in 

poultry where the animals were vaccinated using a vaccine strain of the genotype II and 

challenged with a genotype XI strain. This trial enabled us to confirm that the current vaccine 

clinically protected the animals, but that failed to control the replication and re-excretion of 

the Malagasy virus. Consequently, in this study, we hypothesized that a recombinant virus 

wisely mixing genes from ancient and recent strains could provide larger protection against 

viral shedding of different genotypes. Therefore, a recombinant lentogenic NDV strain, 

rLaSota/M-Fmu-HN, was constructed using reverse genetics strategy, based on a backbone of 

the worldwide used LaSota vaccine strain (genotype II) containing the F and HN genes of a 

strain belonging to genotype XI (MG-725 strain). Animal experiments showed that this 

recombinant strain not only protected chickens from ND caused by virulent strains pertaining 

to genotypes II, VII and XI, but also blocked shedding of these viruses.  

Introduction 

Newcastle disease (ND) is one the most fatal diseases of birds, representing a high threat for 

the poultry industry owing to its sanitary and economic impacts around the world (1, 2). The 

causative agent is a virulent Newcastle disease virus (NDV), an enveloped virus that belongs 
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to the Avulavirus genus, Paramyxoviridae family (3). The genome of NDV is a 15 kilobases 

(Kb) negative-sense single-strand RNA molecule structured as 

3’-Leader-NP-P-M-F-HN-L-Trailer-5’ (4-6). This genome encodes six structural proteins, 

nucleocapsid (NP), phosphoprotein (P), matrix (M), fusion (F), hemagglutinin-neuraminidase 

(HN), large protein (L) and two nonstructural proteins, V and W protein, from P gene editing 

(7, 8). HN protein recognizes sialic acids as receptors to activate F protein for fusion of cell 

plasma and viral membranes (9, 10). After fusion, the viral ribonucleotide polymerase 

complex (RNP), made of the genome encapsidated in NP and associated to a RNA-dependent 

RNA polymerase (RdRP) which are polymers of P and L proteins (7), is released into the cell 

cytoplasm. The RNP generates progeny viral RNA and proteins that are assembled under the 

guidance of M protein to produce new viral particles via budding (11-13).    

Since F and HN are transmembrane glycoproteins exposed to the immune system, both 

proteins induce neutralizing antibody responses and are consequently protective antigens (14, 

15). F or HN proteins from NDV expressed by other virus vectors have been shown to protect 

chickens from virulent NDV infection (16-19). Live attenuated vaccines are frequently 

utilized in commercial folks and backyard birds to prevent ND because of the strong 

immunity induced and easy delivery operation (20). The current commercial vaccines derived 

from strains, such as V4 and LaSota, isolated 70 years ago and belonging to genotype I or II 

(old genotypes). However, recent ND outbreaks are due to strains from genotypes V-VII, 

XI-XIV and XVI-XVIII (new genotypes) (21). Nucleotide identity between the ancient 

vaccine strains and recent isolates are only around 80% on the F gene (21). So far, this genetic 

variation has not questioned the clinical protection conferred by the vaccines, probably 

because still, there is only one single serotype based on in vitro neutralizing tests and in vivo 

cross-protective trials (22). However, different levels of cross-protection have been observed 

in chickens vaccinated with current vaccines and challenged with different wild-type strains 

(39). This could result in partial vaccination coverage and the possibility for duly vaccinated 

poultry to become infected and healthy shedder (23-27). Moreover, virulent strains circulating 

among seemingly healthy backyard chickens have been reported. (A persisting worldwide 

problem. 2016. International Poultry Production: 

www.positiveaction.info/digital/Supplements/NewcastleDisease/). This scenario can 

potentially contribute to the emergence of highly pathogenic variant strains out of vaccine 

control. 
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To deal with this issue, some candidates of live ND vaccine have been generated from strains 

of genotype V or VII (20, 23, 24, 26). These candidate vaccines not only prevent immunized 

chickens from ND, but also stopped viral shedding after a challenge with the homologous 

strain or a genotype II virulent strain. However, it is not clear whether the vaccine produced 

from new genotypes strains can also prevent virus excretion from current heterologous 

virulent strains.  

Previously, our group has confirmed, in an experimental trial of protection, that chickens 

vaccinated with vaccines based on genotype II strains widely used in the field and challenged 

with a virulent genotype XI strain (MG-725) have excreted the virus challenge by ocular and 

tracheal routes. These animals were vaccinated by oculonasal and intramuscular routes with 

two commercial vaccines based on genotype II strains. Three weeks later, the animals were 

challenged using either an old virulent strain of genotype IV (Herts/33) or the MG-725 strain 

of genotype XI. No animals developed clinical signs related with ND regardless of the 

vaccine strain used. Moreover, no viral excretion was observed after challenge with the 

Herts/33 strain. On the other hand, the genotype XI strain was excreted during several days by 

the vaccinated animals while they present no symptomatology (Fig. 5.1). 

 

 

 

 

 

 

 

 

MG-725 strain was selected to generate a live vaccine candidate in this study. This strain was 

isolated from poultry in Madagascar, in 2008 and classified into genotype XI (28). To date, 

this genotype is unique because it has an original F1/F2 cleavage site motif formed by five 

basic amino acid (R) 
112

R-R-R-R-R
116

 which is consistent with character of NDV velogenic 

Fig. 5.1. Experimental protection essay realized previously to that study. The graph show the 

virus challenge excretion by vaccinated animals in cloacal swabs tested using qRT-PCR. 
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strain (29, 30). Moreover, based on in silico analyses of F and HN protein structures, viruses 

from genotype XI have amino acid motifs shared by ancient and recent genotypes and also 

some unique mutations on the surface of the F and HN head (28, 31). Some of these mutations 

are supposed to play a role in the interaction with NDV neutralizing antibodies, potentially 

involved in the protection against viral shedding (data not shown). 

In order to address the issues related to the protection given by current NDV vaccines as 

explained before, a new attenuated vaccine against virulent strains circulating worldwide has 

been generated by reverse genetics. This recombinant vaccine is based on the worldwide used 

LaSota strain in which the F and HN genes have been replaced by those of MG-725 strain. In 

order to modify the virulence, the F cleavage site was mutated in lentogenic motif (RRRRRF 

to GRQGRL). This vaccine candidate was tested in comparison to the parental LaSota strain 

in a vaccine/challenge experiment in chickens involving different ND genotypes. 

Materials and Method 

1. Cells and virus  

Baby hamster kidney cells (BHK-21) were cultured in Eagle s minimum essential medium 

(Gibco) with 10% fetal bovine serum (PAN-Biotech) at 37 , 5% CO2. Chemically 

competent cells E.coli 10-beta were purchased from New England Biolabs (NEB). The 

rMG-725 strain was produced by reverse genetics based on the full genome of the 

NDV/chicken/Madagascar/2008 strain (MG-725), a virulent strain isolate from Madagascar 

and belonging to genotype XI (32). The virulent NDV/EG/CK/104/12 strain belonging to 

genotype VII was kindly provided by Patti J. Miller from Southeast Poultry Research 

Laboratory, Unite States. The GB Texas strain, kindly provided by Bénédicte Lambrecht from 

CODA-CERVA, Belgium, is a virulent strain of genotype II. The rLaSota strain was rescued 

based on the full genome of the LaSota strain. All of these viruses were grown in 10 day-old 

specific pathogen free (SPF) chicken embryos (Couvoir de Cerveloup, France). After three 

days of infection or egg death, allantoic liquid was harvested, filtered through 0.22 µm and 

stored at -80 .  

2. Construction of rLaSota/M-Fmu-HN strain. 

For the cloning strategy, the Fmu gene (cleavage site of MG-725 strain’s F gene was mutated 

to the LaSota (32)) was first amplified from pMG-725/Fmu plasmid by M-F-change-F 

(5’-TCCCCGCGGGCAAGATGGGCTCTAAATCTTCTAC-‘3) and M-F-change-R (5’- 
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ACCGGCCGGCCTCATCTGTGTTCATATTCTTGTGGTGGCTC-‘3) primers. After, the F 

gene of pLaSota plasmid was replaced by Fmu gene using SacII and FseI restriction enzymes 

to obtain pLaSota/M-Fmu plasmid. The HN gene of MG-725 strain was amplified from 

pMG-715/Fmu plasmid using M-HN-change-F (5’- ACCGACAACAGTCCTCAATCATGG 

ACCATGTAGTTAGCAG-‘3) and M-HN-change-R (5’-CCTTAATTAATCAAGTCCTG 

CCATCCTTGAGAATCTCCACT-‘3) primers. The non-coding region between F and HN 

genes of LaSota strain was generated by M-HN-change-L-F 

(5’-GCACATCTGCTCTCATTACCT-‘3) and M-HN-change-L-R (5’-GATTGAGGAC 

TGTTGTCGGT-‘3) primers. The two fragments were then assembled by over-lap PCR and 

inserted in the place of the corresponding region in pLaSota/M-Fmu by FseI and PacI 

enzymes to finally get the pLaSota/M-Fmu-HN plasmid. Fragments bearing NP, P and L gene 

of LaSota strain were generated from wild LaSota strain  by RT-PCR using LaSo-NP-F (5’- 

CCGCTCGAGATGTCTTCCGTATTTGATGAGTA-‘3) and LaSo-NP-R(5’- ATTTGCG 

GCCGCTCAATACCCCCAGTCG-‘3), LaSo-P-F (5’- CCGCTCGAGATGGCCACCTTTAC 

AGATGC-‘3) and LaSo-P-R(5’- ATTTGCGGCCGCTTAGCCATTTAGAGCAAG-‘3), and 

LaSo-L-F (5’- GGACTAGTATGGCGAGCTCCGGTCCTG-‘3) and LaSo-L-R (5’- 

ATTTGCGGCCGCTTAAGAGTCACAGTTACTG-‘3) primers, respectively. The NP and P 

genes were inserted into pCI-neo plasmid between XholI and NotI sites to obtain pLaSo-NP 

and pLaSo-P, while the L gene was cloned in this vector by SpeI and NotI enzymes to 

generate pLaSo-L. All these plasmids were purified by EndoFree plasmid Maxi kit 

(QIAGEN), aliquoted, stored at -20  and sequenced. 

3. Recovery of rLaSota/M-Fmu-HN strain. 

Recombinant rLaSota/M-Fmu-HN strain was generated by reverse genetics as previously 

described (32). Briefly, 4×10
5
 BHK-21 cells were grown overnight in 6-well plates. 

Supernatants were discarded and cells were washed twice with Opti-MEM (Gibco). Then, 5 

μg of pLaSota/M-Fmu-HN, 2 μg of pLaSo-NP, 2 μg of pLaSo-P and 1 μg of pLaSo-L were 

cotransfected with 20 μL Lipofectamine 2000 (Invitrogen). After 6 h, the transfection mixture 

was replaced by MEM medium with 10% FBS. Three days after transfection, the cells with 

200 μL supernatants were collected and injected into 10-day-old SFP embryonated chicken 

eggs to amplify the rescued virus. The allantoic liquid was harvested at 3 days post-infection 

and tested for the virus presence by the hemagglutination test (HA). Viral RNA were 

extracted from HA positive samples and digested with TURBO DNase enzyme (Ambion) to 

prevent DNA contamination followed by confirmation with qRT-PCR based on F gene (32). 
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Finally, the recovered virus was passaged once again in SPF embryonated eggs, aliquoted and 

stored at -80 . 

4. Growth ability and pathogenicity index tests 

The growth characteristics of rLaSota and rLaSota/M-Fmu-HN strain were checked on 

embryonated chicken eggs. One hundred 50% egg infective doses (EID50) of both strains were 

injected into allantoic cavity of 10-day-old SPF eggs and incubated at 37 . Three days after 

injection, allantoic liquids were harvested and viruses titrated by the EID50 method. To test 

pathogenicity of strains, the mean death time index (MDT) in 9-day-old embryonated SPF 

chicken eggs and the intracerebral pathogenicity index (ICPI) in 1-day-old SPF chickens were 

used. To determine MDT, 10-fold serial dilutions of the infective allantoic liquid were 

prepared in sterile phosphate-buffered saline (PBS). One hundred microliters of 10
-6

 to 10
-12

 

diluted liquids were injected into allantoic cavity of eggs, five eggs per each dilution. The 

eggs were observed daily, in the morning and afternoon, for six days and the times (in hour) 

of egg deaths were recorded. MDT is defined as the mean time to achieve 100% of egg death 

at the highest dilution of the allantoic fluid. The ICPI was tested by the standard procedure. 

Briefly, Fresh infective allantoic fluids with HA titres >2
4
 were diluted 1/10 in sterile isotonic 

saline without antibiotics and used as inoculum. Fifty μl of the diluted virus was injected 

intracerebrally into each one-day-old SPF chick, 10 chicks per strain, using a 30-gauze needle 

attached to a 1 ml syringe. The inoculum was injected into the left rear quadrant of the 

cranium. The birds were examined daily for 8 days. At each observation, the birds were 

scored: 0 if normal, 1 if sick, and 2 if dead (Birds that were alive but unable to eat or drink 

were killed humanely and scored as dead at the next observation. Dead individuals were 

scored as 2 at each of the remaining daily observations after death.). The ICPI is the mean 

score of 10 chicks over 8 days. 

5. Immunization and challenge  

Two groups of 39 SPF chickens of 2-weeks of age were vaccinated by rLaSota and 

rLaSota/M-Fmu-HN strains, respectively. Each chicken was vaccinated with 10
6
 EID50 (50% 

egg infective dose) of the corresponding vaccine strain through the intranasal and eye routes. 

Vaccine strains were diluted in PBS. Chickens from another group received 100 μL sterile 

PBS without virus through the same route and were used as control group. Oral and Cloacal 

swabs were collected from all chickens in 1ml of PBS with antibiotics at 3, 5 and 7 days after 

vaccination to measure the vaccine virus shedding. Blood were collected from all chicken 
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three weeks after immunization, to study the serum NDV antibody response. Then, the two 

vaccinated groups were randomly split into three subgroups (n=13 per subgroup) and 

challenges. Virulent challenges occurred three weeks post vaccination and each chicken 

received 10
5
 ELD50 (50% egg lethal dose) of either virulent genotype II strain (GB Texas), 

virulent genotype VII strain (EG/CK/104/12), or virulent genotype XI (rMG-725) though the 

intramuscular route. Three chickens of each subgroup were sacrificed 3 days post-challenge 

and tissues, including brain, lung, trachea, nasal turbinate, spleen, and small intestine, were 

collected to measure challenge virus replication in the organs. The tissue samples were 

homogenized in cell culture medium (1 g/10 ml) and clarified by centrifugation. The oral and 

cloacal swabs were collected from all surviving chickens 3, 5, 7 and 10 days post-challenge 

for the evaluation of challenge viral shedding. Chickens clinical signs and mortality were 

recorded daily for 10 days. At each observation, the birds were scored: 0 if normal, 1 if sick, 

and 2 if dead. Birds that were alive but unable to eat or drink were killed humanely and scored 

as dead at the next observation. Dead individuals were scored as 2 at each of the remaining 

daily observations after death. All surviving birds were euthanized at 10 days post-infection. 

All experimental challenges were performed according to the European Directive 2010/63/UE 

on the protection of animals used for scientific purposes and approved by the Ethical 

committee of Animal Experimentation (CEEA) of the Institution (IRTA). 

6. Serological analysis. 

Serum antibodies were analyzed by enzyme-linked immunosorbent assay (ELISA) and 

Hemagglutination Inhibition assay (HI) assays. For ELISA assay, the commercial kit ID 

Screen Newcastle Disease Indirect Conventional Vaccines kit from ID-Vet was used on serial 

2-fold dilutions of the serum to determine the antibody titers. To test antibodies by HI, five 

viruses were utilized. Briefly, 2-fold serial dilutions of the serum (25 μL) were mixed with 4 

HA units of rLaSota, rLaSota/M-Fmu-HN, GB Texas, EG/CK/104/12 or rMG-725 (25 μL). 

After 1h, 25 μL of 1% chicken red blood cells (RBC) were added. The mixture was then 

incubated at room temperature for 30 min and hemagglutination was recorded. 

7. Virological analysis 

Two methods, qRT-PCR and egg incubation, were used to check virus shedding from swabs 

or virus replication in tissues. Briefly, total RNA using Biomek robot was extracted from 

swabs and tissues by NucleoSpin RNA virus core kit (MACHEREY-NAGEL). Viral RNA 

was quantified by qRT-PCR based on the F gene detection with primers F259 
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(5’-ACAYTGACYACTTTGCTCA-‘3) and F488 (5’-TGCACAGCYTCATTGGTTGC-‘3) 

according to Brilliant  Ultra-Fast SYBR Green QRT-PCR Master mix kit (Agilent). Then 

200 µl of the cloacal and tracheal swabs and tissue homogenization were inoculated into SPF 

embryonated eggs. Five days later, samples, showing hemagglutination of allantoic fluids , 

were considered as virus positives (33).  

Results 

1. Recovery of rLaSota/M-Fmu-HN strain by reverse genetics. 

In order to replace F and HN genes in the LaSota strain, the virus genome was modified to 

introduce three restriction enzyme sites, SacII, FseI and PacI, before F, between F and HN 

and behind HN genes, respectively (Fig. 5.2).  

 

 

 

 

 

 

 

 

 

 

All these modifications were done in non-coding region of F and HN gene. The cleavage site 

of MG-725 strain’s F gene was mutated to that of LaSota by overlap PCR and named as Fmu 

gene (Fig. 5.2). The MG-725 Fmu and HN genes were replaced in pLaSota (In house) 

plasmid to get pLaSota/M-Fmu-HN. With the helper plasmids containing the NP, P, and L 

genes from LaSota strain, the rLaSota/M-Fmu-HN strain was rescued on BHK-21 cells 

according to a method developed in our laboratory (32). The rescued strain was amplified 

once in 10-days old SPF chicken embryos and virus genome sequenced. 

Fig. 5.2. Construction of pLaSota/M-Fmu-HN plasmid. The pLaSota/M-Fmu-HN was generated from 

pLaSota plasmid which contained the full-genome of LaSota. Three unique restriction enzymes sites (SacII, 

FseI and PacI) were introduced into the LaSota genome for further manipulations of F and HN genes The 

cleavage site of the F protein of the MG-725 strain was first modified from “RRRRRF” to “GRQGRL” by 

overlap PCR as described (32). The modified nucleotides or amino acids are underlined and the modified F 

gene was thereafter named Fmu. Then, the F gene of LaSota was replaced by the one of MG-725 strains with 

the modified cleavage site Fmu, using SacII and FseI enzymes. Immediately after, the HN gene from LaSota 

was replaced by the of MG-725 strain using FseI and PacI enzyes. 
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Table 5.1. Properties of rescued strains. 

2. Properties of rescued NDV strains.  

The growth ability of rescued strains was verified on eggs. The F and HN genes replacement 

did not affect the viral growth. The titers of rLaSota and rLaSota/M-Fmu-HN, after three days 

of amplification, were up to 3.16×10
9 

and 3.98×10
9 

EID50/ml, respectively. These titers were 

around 2 Log10 less than the rescued virulent rMG-725 strain (Table 5.1), supporting the 

attenuation of the rLaSota/M-Fmu-HN strain. 

The virulence of rLaSota, rLaSota/M-Fmu-HN and rMG-725 was then confirmed by MDT in 

chicken embryos. The MDT values of these rescued strains were 96 h, 113 h and 49 h, 

respectively. In addition, the pathogenicity of these viruses was also checked by ICPI in 1-day 

old chicks. The ICPI values were 0.00 for rLaSota and rLaSota/M-Fmu-HN strains and 1.825 

for rMG-725 similar to the wild type MG-725 strains (Table 5.1). Based on the World 

Organization for Animal Health (OIE) guidelines (34), a NDV strain with MDT value higher 

than 90 h and ICPI value close to 0.00 is considered as a lentogenic strain, while a strain with 

MDT value less than 60 h and ICPI approaching 2.00 is considered as a velogenic strain. 

Consequently, rLaSota and rLaSota/M-Fmu-HN strains were confirmed as avirulent strains 

whilst rMG-725 is virulent. These results suggest that the replacement of the F and HN genes 

of LaSota by the Fmu and HN genes of MG-725 strain did not increase the viral virulence of 

the vaccine strain.  

  

 

3.  Evaluation of viral replication and immunity response after vaccination.  

To test the vaccine virus shedding after immunization, oral and cloacal swabs from chickens 

vaccinated with rLaSota or rLaSota/M-Fmu-HN strains were collected at 3, 5 and 7 days after 

vaccination. The presence of viral RNA in swabs was confirmed by qRT-PCR on 21 oral and 

21 cloacal swabs randomly selected from 39 of each. In the group vaccinated with rLaSota, 

the number of positive oral swabs and their viral RNA charge as measured by a reduction of 

the CT values were higher than in the group vaccinated with rLaSota/M-Fmu-HN at days 3, 5 

and 7 post vaccination (Table 5.2). In contrast, the viral shedding in cloacal swabs was limited 

 HA EID
50

 MDT  ICPI  

rLaSota 
2

9

 3.16×10
9

 
96 h 0.00 

rLaSota/M-Fmu-HN 
2

9

 3.98×10
9

 
113 h 0.00 

rMG-725 
2

10

 3.16×10
11

 
49 h 1.825 
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Table 5.2. Viral shedding of vaccine strains after immunization. 

a: Positive/ total analysis numbers. 

for the two groups, with only 1 positive cloacal swab 3 days after vaccination for the group 

rLaSota. These results suggest that the lentogenic rLaSota/M-Fmu-HN strain is less 

replicative in vivo than the rLaSota.  

 

 3 days 5 days 7days 

 Oral Cloacal Oral Cloacal Oral Cloacal 

rLaSota 18/21 
a
 1/21 11/21 0/21 2/21 0/21  

CT values SD 34.52  33.99  33.8  - 35.42  - 

rLaSota/M-Fmu-HN 3/20  0/20 9/20 0/20 0/20 0/20 

CT values SD 37.32  - 35.63  - - - 

 

To evaluate the antibody response in immunized chickens, serums were collected 21 days 

after vaccination and analyzed by HI and ELISA tests. HI and ELISA titers in the animals 

vaccinated with both strains were higher than 6 log2 and 6000, respectively (Table 5.3). 

Interestingly, HI titers were always higher when the vaccine and HI test strains used were of 

the same genotype. In contrast, there was no difference between the two vaccine groups when 

the HI test strain was of genotype VII and HI titers against this genotype were lower than with 

theothers (Table 5.3).  

 

 HI (Log2)  

ELISA 

  rLaSota GB Texas rLaSota/ 

M-Fmu-HN 

rMG-725 NDV/EG/ 

CK/104/12 

rLaSota 8     0.55 8728  

rLaSota/ 

M-Fmu-HN 
7 0   7.67  0.55 9154  

Unvaccine 0 0 0 0 0 40.78  

 

4. The rLaSota/M-Fmu-HN strain protects chickens from virulent homologous challenge. 

Chickens immunized with rLaSota/M-Fmu-HN or rLaSota strain were challenged with 10
5
 

ELD50 of rMG-725 strain via the intramuscular route, 21 days after vaccination. To check 

viral shedding, oral and cloacal swabs were collected at 3 days, 5 days, 7 days and 10 days 

Table 5.3.  Evaluation of the antibody response after vaccination. 
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after challenge. The viral RNA could not be detected in any swabs from chicken vaccinated 

with rLaSota/M-Fmu-HN or rLaSota (Table 5.4A). In contrast, there were eight oral and 

twelve cloacal positive swabs in unvaccinated birds 3 days after the challenge (Table 5.4A). 

Three days post-challenge, three chickens of each group were sacrificed and tissue samples 

from nervous system (brain), respiratory system (lung, trachea and nasal turbinate), lymphoid 

system (spleen) and digestive tract (small intestine) were tested by qRT-PCR. All the 

unvaccinated birds had virus in their tissues. The viral RNA load was the highest in spleen 

followed by the respiratory tract (Fig. 5.3A). Viral RNA was detected in trachea of two 

chickens of the group LaSota whereas none of the chickens of group rLaSota/M-Fmu-HN had 

positive tissues (Fig. 5.3A). The challenge virus was not isolated from any samples of 

rLaSota/M-Fmu-HN or rLaSota vaccinated chickens, while it was isolated from almost all 

samples of unvaccinated chickens. Chickens were observed daily for 10 days clinical signs 

and death were scored. After challenge, none of the immunized chickens showed any clinical 

signs, but all unvaccinated chickens became sick from the third day after the challenge and 

died 5 days post-challenge (Fig. 5.3B and C). 

5. The rLaSota/M-Fmu-HN strain protected chickens against heterologous virulent 

genotypes II and VII strains. 

To test the heterologous protection conferred by rLaSota/M-Fmu-HN, immunized chickens 

were infected by the virulent GB Texas (genotype II) or NDV/EG/CK/104/12 (genotype VII) 

strains. The two groups of vaccinated chickens challenged with these two strains, had no 

detectable viral RNA by qRT-PCR in their oral or cloacal swabs, except one cloacal swab 

from chicken immunized by rLaSota and challenged with genotype VII. In contrast, almost all 

swabs from unvaccinated birds had viral RNA (Table 5.4B and 5.4C). One animal vaccinated 

with rLaSota/M-Fmu-HN strain and two with rLaSota strain showed viral RNA in their 

respiratory tract three days after the challenge with GB Texas, while all tissues from 

unvaccinated birds were detected with high viral RNA loads as measured by lower CT values 

with the highest load in the spleen (Fig. 5.3A). None of the vaccinated chickens did show any 

virus positive detection after challenge with NDV/EG/CK/104/12. Nevertheless, no virus was 

isolated in eggs from any samples of immunized chickens. All unvaccinated birds died 3 and 

4 days after challenge with GB Texas or NDV/EG/CK/104/12 strains, respectively, which is 

one to two days earlier than with the strain rMG-725 (Fig. 5.3B and C).  
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A. rMG-725 (genotype XI) 

B. GB Texas (genotype II) 

C. NDV/EG/CK/104/12 (genotype VII) 

a: Positive number/total number; b: viral shedding was detected by qRT-PCR; c: viral 

shedding was detected by qRT-PCR and egg inoculation. 

 

 

 

 

 

 

 

 

 

 3 days 5 days 7days 10 days 

 Oral Cloacal Oral Cloacal Oral Cloacal Oral Cloacal 

rLaSota 0/13 
a
 0/13 0/10 0/10 0/10 0/10 0/10 0/10 

rLaSota/M-Fmu-HN 0/13 0/13 0/10 0/10 0/10 0/10 0/10 0/10 

Unvaccinated 13
c
/13 12

c
/13 - - - - - - 

 

 3 days 5 days 7days 10 days 

 Oral Cloacal Oral Cloacal Oral Cloacal Oral Cloacal 

rLaSota 0/13 
a
 0/13 0/10 0/10 0/10 1

b
/10 0/10 0/10 

rLaSota/M-Fmu-HN 0/13 0/13 0/10 0/10 0/10 0/10 0/10 0/10 

Unvaccinated 13
c
/13 12

c
/13 - - - - - - 

 

 

 

 

 

 

 3 days 5 days 7days 10 days 

 Oral Cloacal Oral Cloacal Oral Cloacal Oral Cloacal 

rLaSota 0/13 
a
 0/13 0/10 0/10 0/10 0/10 0/10 0/10 

rLaSota/M-Fmu-HN 0/13 0/13 0/10 0/10 0/10 0/10 0/10 0/10 

Unvaccinated 8
c
/13 12

c
/13 2

c
/2 2

c
/2 - - - - 

Table 5.4. Viral shedding in oral and cloacal swabs collected from chickens after challenges with genotype 

XI, genotype II and genotype VII strains. 
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Fig. 5.3. Protection conferred by the rLaSota and rLaSota/M-Fmu-HN vaccines against rMG-725 (Genotype 

XI), GB Texas (genotype II) and NDV/EG/CK/104/12 (Genotype VII) challenges by intramuscular route. 

(A)  Two of three sacrificed chickens vaccinated with rLaSota strain showed genotype XI strain RNA in 

trachea, but no viral RNA could be detected in tissues from bird vaccinated with the rLaSota/M-Fmu-HN 

strain. Two of three sacrificed chickens vaccinated with the rLaSota had genotype II RNA in the tracheal and 

nasal. After challenge with the genotype VII, none of the vaccinated showed virus RNA in their tissues. In 

contrast, all tissues of unvaccinated birds had viral RNA and the spleen followed by the respiratory tract had 

the highest loads. (B and C) Vaccinated chickens never showed clinical signs and mortality. All 

unvaccinated chickens suffered from disease and died within 3 to 5 days after challenge. It seems that the 

challenge with the genotype II was more serious in terms of clinical signs and survival curve. 
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ND causes very important sanitary and economic losses in the poultry industry (2). 

Lentogenic NDV strains, such as LaSota, are widely used as live attenuated vaccines to 

control this disease all around the world (20). However, irregular usage of vaccines over 

decades has probably contributed to the emergence of new virulent variants. Several reports 

show that recent strains are much less controlled than before by attenuated vaccines made of 

ancient viruses. Since this would lead ultimately to the emergence of escape mutants, new 

generation vaccines more adapted to the current circulating NDV strain are needed. In this 

study, an avirulent strain, rLaSota/M-Fmu-HN, was generated by reverse genetics as a 

candidate ND vaccine. This strain is a recombinant virus based on the genome of the LaSota 

strain in which the F and HN genes were replaced by ones of the virulent genotype XI strain, 

MG-725. The cleavage site of the F gene was modified to generate an attenuated motif similar 

to that of LaSota strain. Compared to the parental LaSota strain, the growth ability and 

virulence of this recombinant virus is not modified. Based on MDT value the pathogenicity is 

even slightly reduced (gain of 17 hours in the survival). 

One of the shortcoming of live vaccines is their spread into the environment and its associated 

risks of reversion to virulence (35). Actually, some lentogenic NDV strains have been found 

to be able to become velogenic after several passages in chickens, just by the addition of 

mutations to basic amino acids in the cleavage site of the F protein (30, 36, 37). After being 

released into the environment, the vaccine strain can also contribute to NDV recombination 

(38). Some natural recombinant strains have emerged from vaccine strains (39-41). In this 

study, we found that chickens vaccinated with rLaSota/M- Fmu-HN strain do not excrete the 

vaccine strain as much as chickens vaccinated with the rLaSota strain. Consequently, the risks 

for the rLaSota/M- Fmu-HN of being released into the environment is reduced compared to 

the rLaSota strain. The better replication ability of NDV is thought to induce the stronger 

immune response (23). However, based on ELISA results, we found that rLaSota/M- 

Fmu-HN strain could induce an immune response as strong as the one induced by the rLaSota 

strain. In addition, we show that protection against challenge and virus excretion is at least as 

high as the one conferred by the LaSota vaccine. 

Current ND live vaccines were generated from NDV strains isolated 70 years ago (20). These 

vaccines can still prevent chickens from disease, but hardly block viral shedding when 

infected by recent isolates (23-27). Even if it is widely accepted that NDV exists as in only 

one single serotype, mutations often happened in F and HN generating some antigenic 
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diversity (21). Here, we demonstrate that antibodies from immunized chickens react better 

with the homologous HI test virus. We believe that this antigenic diversity of F and HN 

proteins accounts for the sub-optimal cross-reactions with heterologous test strains. This also 

could be the main reason why current live vaccines cannot fully block shedding from new 

genotypes strains, such as genotype VII (24, 26, 42) when the animals are vaccinated with old 

genotypes. However, even if the HI titers of sera obtained after vaccination with rLaSota or 

rLaSota/M-Fmu-HN were lower against heterologous test strains, the two vaccines totally 

protected chickens and stopped viral shedding from homologous and heterologous virulent 

strains.  

Even if no virus could be isolated in this study, viral RNA was detected in five samples from 

vaccinated birds and challenged with heterologous virulent strains. Four of them were from 

chickens vaccinated with the rLaSota strain and one from chickens vaccinated with the 

rLaSota/M-Fmu-HN strain. We do not know exactly what would be the consequences in the 

field of such a slight difference observed under controlled experimental conditions. However, 

we consider that in a particular epidemiological context in the field (poor immunity, high 

animal density, secondary infections, etc.) an impact cannot be ruled out.     

Other authors and we in a previous experiment have shown a more pronounced virus 

shedding after heterologous virulent challenges (23-27, 46, 47, this paper introduction). The 

reasons for these discordant results are not known. However, in this study we used 

two-week-old SPF chickens which had no NDV antibodies. This immunization process was 

different from previous studies where SPF chickens were vaccinated at the age of 1 day and 

boosted at 3 weeks of age (43-45). This difference may produce distinct immunization 

conditions of chickens between two in vivo tests,  possibly inducing different responses in 

terms of virus shedding in previous (Fig. 5.1) and current studies (Table 5.4A), respectively. 

In addition, different experimental conditions including animal care and handling, 

environmental conditions and swab collection may affect the result outcome. Another reason 

could be the use of the intramuscular route for the virulent challenge. Some authors have 

suggested that the viral shedding is more important if chickens are challenged with NDV 

virulent strain via the oculonasal route than by the intramuscular route (48). However, the 

question of the challenge dose standardization by the oculonasal route is more sensitive 

compared to the intramuscular route. 
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Nonetheless, we establish here that our modified rLaSota strain, embedding the F and HN 

viral proteins of a genotype XI strain from Madagascar, has excellent vaccine properties with 

potentially a reduced excretion post-vaccination and an improved control on virus shedding 

after challenge with recent field strains. In order to confirm whether the rLaSota/M-Fmu-HN 

strain has significant benefits in terms of preventing viral shedding from different virulent 

virus challenge, more experiments are required. For example, the use of suboptimal vaccine 

dosage to immunize chickens or a challenge via the oculonasal route could provide final 

conclusion. 
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Contribution to a better control of recent genotypes of Newcastle disease viruses 

Newcastle disease (ND) and Influenza are the two poultry plagues. Since influenza is a 

zoonotic disease, it has received much attention in the last decades, especially when H5N1 

emerged in the late 90’s and was announced as the fourth and probably the most devastating 

human pandemics (1). Fortunately, the predicted disaster did not occur but regular outbreaks 

in the poultry and swine industries worldwide and the emergence of the pandemics H1N1 in 

2009 in humans remind us that the threat still exists (2). In contrast, ND is a minor zoonotic 

disease (transient and confined conjunctivitis) but a serious disease of birds (3). Countries in 

the north have succeeded in the management of the disease in their poultry sector. The 

success relied on the existence of effective veterinary authorities, adapted surveillance 

programs and targeted vaccinations. In this context, any new introduction of the virus is costly 

but effectively contained in a timely manner. The situation is more contrasted in the south (4). 

In the worst conditions, the disease is largely uncontrolled with regular waves of mortality (5). 

However, in most countries, vaccination is widely used to control Newcastle disease (ND) (6). 

There are three types of vaccines against ND, inactivated, vectored and live vaccines (5, 7, 8). 

Inactivated vaccines can be generated from on any strain and have no risks of virus releasing 

into the environment (9). In order to generate a strong immune response, adjuvants are usually 

necessary for inactivated vaccines, which increases the costs of the vaccine (10, 11). 

Furthermore, inactivated vaccines have to be injected into chickens via the intramuscular 

route, which is not so convenient for the poultry industry. These disadvantages prevent 

inactivated vaccines being widely used in the field. Since F and HN proteins are the protective 

antigens of NDV, viral vectors bearing F or HN genes can protect chickens from virulent 

strain challenges (12-16). However, application of vectored vaccines is affected by maternal 

antibodies against the virus vector (17-19). Due to easy operation and strong immune 

response, live NDV vaccines are the most frequently used. 

Despite the effectiveness of vaccines in providing clinical protection against ND, ND 

outbreaks still occur around the world (5, 20). According to OIE reports, there were around 56 

countries affected by ND outbreaks from 2006 to 2009 (5). Based on epidemic data, virulent 

NDV strains circulate among birds in countries where ND outbreaks frequently happens in 

spite of vaccination (21-24). NDV infection has been confirmed in more than 234 avian 

species (25). Except of poultry, virulent and non-virulent NDV strains can be isolated from 

other birds, such as pigeon, dove, peacock and water birds (26-30). In some cases, viruses 
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isolated from wild birds are nearly closed to virus from poultry, suggesting an 

epidemiological link between poultry and wild birds (31, 32).  

The rapid genetic evolution of NDV has generated important genetic distances between 

currently circulating genotypes and commercial vaccines that are all made from old genotypes 

(I and II) (33-36). Although the impact of this divergence on the vaccine efficacy is still 

debated, the genetic diversity of F and HN genes between old and new genotypes can reach 

20%, which could be one the reasons why virulent strains of new genotypes are less 

controlled by chickens immunized with genotype I or II vaccines (4). Even if there is only one 

single serotype for NDV, vaccines better reduce virus shedding after a homologous genotype 

challenge than after a heterologous genotype challenge (37, 38). It was demonstrated that 

under controlled conditions, current living vaccines are able to prevent chickens from clinical 

signs caused by new genotype virulent strains, but cannot block viral shedding (11, 39, 40). 

This situation may be worse in the field because other factors, such as bad herd immunity 

level, lack of nutrition, stress and immunity suppression, can affect the efficiency of vaccines 

(41-45). The viral shedding improves virulent strain to spillover from vaccinated birds to 

unvaccinated or bad immunized birds and generates new virulent variants of NDV with 

outbreak potential. The lack of effective control on the virus excretion also promotes virus 

persistence in ND endemic areas (46, 47). Thus, generation of antigenically matched vaccines 

may contribute to better control the current situation about ND. One possibility to achieve this 

objective is the attenuation of a circulating strain. Since factors determining the NDV 

virulence have been revealed (48-51), the attenuation can be simply done by modifying the 

genome of the virulent strain by reverse genetics. Any new virulent genotype can be 

attenuated by the modification of the cleavage site of F gene (48). At the beginning of this 

thesis, only attenuated strains from the recent genotype VII were available (52-54). To date, 

another candidate vaccine has been produced using a similar approach to us, consisting in the 

substitution of the F and HN genes of a current vaccine strain old genotype, by those of a new 

genotype strain (38). Both types of vaccines were able not only to protect chickens from ND, 

but also to decrease the viral shedding of chickens challenged by recent virulent strains (38, 

55). However, the second type of live vaccine may be safer than the first. Indeed, the 

backbone of the vaccine is still from a vaccine strain that has been used for decades in the 

field with no records of change to virulence (5, 6). The first type of vaccine can be much more 

risky since only one or two amino acids mutations in the cleavage site of the F protein can 

reverse the attenuation (48, 56, 57). 
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This consideration led us to generate by reverse genetics an antigenically matched vaccine 

combining a LaSota strain backbone and the F and HN genes from one recently isolated 

genotype XI strain (34). The F gene was modified to contain a lentogenic-like cleavage site. 

This recombinant candidate vaccine grew well in chicken embryos and showed highly 

attenuated phenotype based on pathogenicity indexes. Recently, some genetic matched 

vaccines are already produced, but all of them just show blocking viral shedding from same 

genotype challenge (53, 55, 58). It is quite unclear whether they are able to block viral 

secretion from other genotypes. We also tested how our candidate vaccine could control 

different genotypes (II, VII and XI), compared to the current LaSota vaccine. Based on 

clinical signs, both LaSota and our candidate vaccines protected chickens from ND caused by 

the three virulent strains.  

Development of an optimized system for the rescue of attenuated strains 

During the process of generating and validating our candidate vaccine, we had to produce by 

reverse genetics a series of different viruses to check different features. We first cloned the 

conventional LaSota vaccine from a live vaccine batch that appeared to be a mixture of 

different viruses and then any recombination of the cloned LaSota strain with different genes 

of the Madagascar genotype XI strain (F alone, HN alone, F and HN together). We had also to 

clone the virulent Madagascar strain and generate an attenuated version of this strain. At last, 

to study the in vitro behavior of the virulent and attenuated strains, we also produced 

recombinant viruses incorporating a cassette expressing a fluorescent marker (EGFP or 

mCherry). In all, we generated 11 different strains by reverse genetics. We initially started to 

work with a conventional method of reverse genetics close to the first method developed for 

the rabies virus in 1994 (59). The system consists of four plasmids bearing viral full-length 

cDNA, N, P and L genes under T7 promoter, a recombinant vaccinia virus providing T7 RNA 

polymerase and BHK-21 cells and. Since then, the reverse genetics has become a classical 

system to rescue many viruses with negative-sense single band RNA from different viral 

families (48, 60-71).  

However, this conventional method has two major disadvantages. Firstly, three G nucleotides 

are introduced between T7 promoter and 5’ end of the anti-genome to increase transcription 

efficiency of T7 RNA polymerase, which can  alter the rescuing efficiency, because these 

three G must be eliminated from the viral genomic transcript to maintain the rule of six and 

the appropriate terminal sequence (59). To deal with this problem, sequences of self-cleaving 
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hammerhead ribozyme are cloned immediately before of 5’ end of the anti-genome to 

generate exact viral termination after T7 RNA polymerase transcription, which improves 

virus rescuing efficiency (72, 73). Secondly, in order to provide T7 RNA polymerase for 

transcription, recombinant vaccinia virus infection contaminates rescuing virus (59). To avoid 

contamination, the exogenous gene is cloned into cells or a plasmid containing T7 RNA 

polymerase gene is transfected into cells to express T7 RNA polymerase (74, 75). 

To overcome the limitation of T7 RNA polymerase, T7 promoter can be replaced by other 

promoters, such as CMV promoter, which are recognized by naive cellular RNA polymerase. 

Although RNA II polymerase transcribes RNA under CMV promoter in nucleus, the rescue 

efficiency is still better than the one offered by the T7 promoters (76). Many viruses have 

been rescued with the CMV promoter (75, 77, 78).  

Other systems have been proposed for improving the virus rescue. For measles virus, a cell 

line, 293-3-46, was built from 293 cells to continuously express the viral N and P proteins and 

T7 RNA polymerase. Using this 293-3-46 cell line, a plasmid bearing the measles virus 

full-length cDNA and another plasmid harbouring the viral L gene were co-transfected to 

rescue infectious viral particles (79). Nevertheless, the establishment of a transformed cell 

line like the 293-3-46 can be cumbersome.  

In this study, the first reverse genetics we used included four plasmids under CMV promoter, 

one expressing the viral anti-genome and the other three expressing NP, P and L proteins. The 

cDNA of the full-length NDV was assembled between hammerhead ribozyme and hepatitis 

delta virus ribozyme, which generate exact terminations of viral anti-genome. However, by 

using this system, we were only able to recover 8 out of 10 NDV strains (see Chapter 2). The 

two strains that were not rescued were lentogenic strains that cannot replicate in BHK-21 cells 

without trypsin-like protease. We hypothesized that the probability of transfecting a relatively 

high number of plasmids into the same cell in order to produce a live self-replicating virus 

was probably not high enough for successfully rescuing an attenuated strain compared to a 

virulent strain. Since the conventional reverse genetics for mononegavirus include at least 

four plasmids, the efficiency of transfection all these plasmids into the same cell may 

influence rescuing efficiency. Some authors have demonstrated that decreasing the number of 

plasmids can improve the rescuing efficiency of segmented viruses (80-83). However, to the 

best of our knowledge, the influence of the number of plasmids in the rescuing efficiency of 

mononegaviruses has never been evaluated before. Consequently, we established different 
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NDV reverse genetic systems with varying numbers of plasmids from 1 to 4. The efficiency 

of these systems was compared on a mini-genome expression or a virus rescue. All of these 

systems worked, but only the 2-plasmids system really increased the mini-genome expression 

and rescuing efficiency. Unexpectedly, the 1-plasmid system did not improve the 

mini-genome expression, which suggested that the number of plasmids is not the only factor 

affecting the rescuing efficiency.  

The higher efficiency of the 2-plasmids system was confirmed in the chapter 2 by rescuing 

different strains. This 2-plamids system was able to rescue two strains which were not 

recovered with the 4-plasmids system. Not only the number of strain rescued, the 2-plasmids 

system generates strains 1 to 2 days earlier than the conventional system and required less 

DNA material to produce (2 µg for transfection instead of 10 µg). This important achievement 

is now available to the scientific community for research purposes. Any commercial use of 

this improvement will require prior agreement with CIRAD. 

In vitro virus transmission and superinfection, lessons for recombination events 

Some of our viruses were equipped with a cassette expressing a fluorescent dye (EGFP or 

mCherry). This allowed us to study their behavior in cell culture, focusing on persisting 

infection, transmission and superinfection.  

Animal or plant tissues consist of individual cells with a complex organization. The 

cell-to-cell communications play a pivotal role in this organization. Mechanisms of 

cell-to-cell communications vary among different types of cells, but cell extensions are 

frequently involved (84, 85). The cell extension is the general term of cellular protrusions 

which include synapsis, tunneling nanotube, filopodia, cell-associated filaments etc (86-89). 

Donor and target cells are directly or indirectly connected by cell extensions, which maintain 

a route for transporting signal and molecules between cells (84). A good example is the 

nervous system in which axons and dendrites of neurons are linked by synapses (86, 90). The 

cell extension is not only important for cell-to-cell communication, but also for viral 

dissemination between cells (86). For example, measles virus transmits between neurons 

through synapses in the nervous system (91, 92). In some cases, cells are forced by the virus 

to make cellular protrusions to enable viral spread from infected to uninfected cells (93-95). 

The formation of unnatural cellular extensions often relates to reorganization of cell 

cytoskeleton. Vaccinia virus infection induces cells to generate tails which are rich in actin 
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and improve viral spread via the cell-to-cell route (96, 97). Infuenza A virus and 

parainfluenza virus 5 stimulate cells to produce intercellular extensions that contain actin and 

viral proteins and transport viral proteins from one cell to another (98). Similarly, the human 

metapneumovirus and respiratory syncytial virus induce cells to form filopodia which can be 

blocked by the action of some drugs or by silencing of the actin gene (93-95). Furthermore, 

the expression of some viral proteins is sufficient to induce cell extensions , such as the P 

protein of the human metapneumovirus, the F protein of the respiratory syncytial virus and the 

A33 and A36 proteins of vaccina virus (93, 94, 96).  

In this study, we first showed that both virulent and attenuated NDV strain could establish 

persistent infection in BHK21 cells. In addition, rather long cell extensions were detected in 

NDV persistently infected BHK-21 cells compared to non-infected BHK21 that form short 

bridges to connect between themselves. In contrast, cell extensions in persistently infected 

BHK21 could reach up to 1.4 millimeter, suggesting a viral intervention. It is unclear whether 

the actin is involved in these extensions because we did not check it.  

It is obscure how virus spread from cell-to-cell via cellular extensions. The structure of cell 

extensions can be “open-ended” or “close-ended” (84, 87, 99). The “open-ended” cellular 

extensions directly connects two cells (84). Consequently, viral replication bodies or viral 

particles can be transmitted from one cell to another cell across “open-ended” extensions (93). 

For influenza virus,  viral proteins are spread in a single-direction between two cells linked 

by “open-ended” extensions  (98). The “close-ended” extensions do not link two cells 

together, but viral particles are detected at the extensions’ tips where are close to another cell, 

which short the viral dissemination distance from infected to uninfected cells (94). In the 

present study, cell extensions were observed between two NDV infected cells. We cannot 

make sure these extensions are “open-ended” or “close-ended” due to low resolution of 

microscope. However, viral proteins were detected in the cell extensions suggesting NDV can 

be transmitted between cells via theses cell extensions. 

Among the benefits for viruses to spread by the cell-to-cell route, are the increased speed of 

virus dissemination (100), to the escape from neutralizing antibodies (101) and the infection 

of cells in the absence of viral receptors (93). The latter allows circumventing the mechanism 

of superinfection exclusion. Superinfection exclusion is a widely observed phenomenon 

during virus infections where infected cells become refractory to re-infection by the same or a 

homologous virus (102-114). For some viruses, such as NDV, the literature suggests that 
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superinfection exclusion is due to viral HN protein that breaks the viral receptors made of 

sialic acid by its neuraminidase activity (115-118). In chapter 4, we showed that NDV is able 

to infect cells expressing HN proteins and also to superinfect persistently infected cells. 

Shortly after infection, NDV preferred to invade HN- or virus-negative cells among the 

population of persistently NDV-infected cells. In the late stages of infection, the virus is then 

able to infect HN- or virus-positive cells. This timeline suggest that superinfection was 

actually promoted by a cell-to-cell route between the first infected cells and the second ones. 

We also show that superinfection is induced in two directions when cells are co-infected by 

two strains. In persistently infected cells, we found that cells co-infected with the two viruses 

were connected by cell extensions also containing materials from both strains. In this situation, 

one can easily imagine that recombination events could occur. Because of a lack of time, we 

could not investigate this issue but this is certainly an interesting point to look at. Nonetheless, 

this in vitro observation gives an explanation to reconcile on one hand, the well-established 

superinfection exclusion mechanism with NDV and on the other hand, the detection of 

recombination events between vaccine and virulent strains in the genome of some field 

isolates. The occurrence of cell-to-cell transmission of viruses in vivo could also result in cells 

co-infected by two viruses and thus provides a condition for recombination events. The reason 

why recombination is mainly detected between vaccine and virulent strains remains unclear 

(119-122).  
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Résumé 

Summary 

Génération d’un nouveau vaccin pour protéger les volailles contre la maladie de Newcastle et l’excrétion 

virale 

 

 

La maladie de Newcastle est une de deux pestes aviaires qui, comme l’influenza, impactent fortement les 
élevages d’oiseaux domestiques par leur incidence clinique et leurs conséquences économiques sur la filière 

(contrôle des mouvements d’animaux, abattages sanitaires et préventifs). Des vaccins contre cette maladie ont 
été développés il y a plusieurs décennies à base de souches virales isolées dans les années 60. Ils assurent 

normalement une excellente protection clinique. Toutefois, depuis une dizaine d’années, des observations de 
terrain, principalement en Afrique et en Asie, font état d’échecs partiels de vaccination avec occurrence de 
foyers réduits dans des élevages a priori correctement vaccinés. En parallèle, des essais in vivo en conditions 

contrôlées ont établi que les vaccins actuels protégeaient bien cliniquement contre une épreuve avec des souches 

virulentes récentes mais n’empêchaient pas leur excrétion par les animaux vaccinés. Pour résoudre cette 

problématique, l’objectif de ce travail a été de générer une souche vaccinale plus efficace contre les souches 
virulentes circulant actuellement à l’échelle du globe. Pour générer des virus atténués modifiés, nous avons dû 

dans un premier temps améliorer le système conventionnel de génétique inverse. Nous montrons que la réduction 

du nombre de plasmides à 2 dans le système, permet de générer plus de virus atténués que le système 

conventionnel basé sur 4 plasmides. Dans un second temps, nous nous sommes intéressés à étudier le 

comportement in vitro de virus atténués et virulents équipés de marqueurs fluorescents. Nous montrons que seuls 

les virus virulents induisent un effet cytopathique in vitro. En revanche, les deux types de virus induisent une 

infection persistante à long terme sans effet cytopathique. Les cellules infectées de façon persistante résistent à 

une surinfection par un autre virus. En revanche, lors de co-infections simultanées, nous établissons qu’une 
cellule infectée par un premier virus peut s’infecter par un second virus lors d’un transfert direct de matériel viral 
d’une cellule à une autre par des extensions membranaires. Cette observation est remise en perspective par 
rapport à la capacité de ces virus à se recombiner chez l’animal telle qu’identifiée par des analyses 
bioinformatiques comparatives de différents isolats. En effet, nous montrons que des cellules peuvent s’infecter 
avec plusieurs virus par contact direct. Dans un dernier travail, une nouvelle souche vaccinale a été générée 

consistant à insérer des antigènes immunoprotecteurs d’un virus original isolé à Madagascar en 2008, dans un 
génome d’une souche vaccinale conventionnelle utilisée depuis plus de 50 ans. Nous montrons que cette 

nouvelle souche protège efficacement contre trois génotypes viraux dont deux circulant actuellement en Afrique 

et en Asie. 

 

Generating a new vaccine for protecting poultry from Newcastle disease and controlling viral shedding 
 

 

In addition to influenza, Newcastle disease is one of the two major diseases of poultry that strongly impact the 

animal health and farming owing to animal bans and depopulations. Vaccines against Newcastle disease are 

available. They have been developed some decades ago from isolates collected in the 60’s. They usually provide 
an excellent clinical protection. However, field reports of the last decade, mainly from Africa and Asia, suggest 

partial vaccination failures in some farms despite proper vaccination. In parallel, in vivo trials have shown that 

current vaccines provide a good clinical protection against a challenge with recent field strains, but do not 

prevent shedding of the challenge virus from vaccinated birds. To address this issue, one of the objectives of this 

study was to generate a new vaccine prototype with improved efficacy against virulent strains circulating 

worldwide. To generate new engineered attenuated viruses, we first developed an improved reverse genetics 

system. We demonstrate that the reduction of the number of plasmids to 2 compared to the conventional system 

based on 4 plasmids does not affect the performances of reverse genetics for virulent strains but significantly 

increases the yield of attenuated viruses. In a second step, we focused on the behavior of the attenuated and 

virulent viruses generated by reverse genetics. The viruses were tagged with fluorescent reporter genes to make 

easier they follow up in cell culture. We show that only virulent strains produce cytopathic effects in vitro. 

However, both attenuated and virulent strains are able to establish persistent infection in cells without cytopathic 

effects. Persistently infected cells resist to a super-infection by another virus. In contrast, after co-infection by 

two different viruses, we show that a cell infected by one virus can be infected by a second one by direct virus 

trafficking between the cells through cell membrane extensions. This observation supports the possibility of 

recombination events in the field which are sometime claim in the literature from comparative bioinformatics of 

field isolates and vaccine strains. Indeed, we show that cells can be infected by multiple viruses through direct 

contacts between cells. In a last step, a new vaccine prototype has been produced consisting in the substitution of 

immune-protective antigens in the conventional LaSota vaccine by their homologues derived from an original 

isolate of Madagascar (2008). We show that this prototype is protective against challenges with three different 

viruses, including two recent isolates from Africa and Asia. 


