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I. Liste des abréviations 
aa Acide aminé 
ADCC Antibody Dependent Cell-mediated Cytotoxicity 
ADCDC Antibody Dependent Complement-mediated Cytotoxicity 
ADCP Antibody-Dependent Cellular Phagocytosis 
ADE Antibody-Dependent Enhancement 
ADN Acide Désoxyribonucléique 
Ag/AG Antigène 
APC Antigen Presenting Cells 
ARN Acide Ribonucléique 
ARNm ARN messager 
cDC-1 / 2 Conventionnal Dendritic Cell 1 or 2 
CDP Common DC Progenitor 
CMH class I/II Complexe Majeur d’Histocompatibilité de classe I ou II 
CTL Cytotoxic T Lymphocyte 
Ctrl Groupe contrôle 
DC Dendritic Cell  
DC-SIGN Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin 
DIVA Differentiating Infected versus Vaccinated Animals 
DMN Dissolvable microneedles 
dpi Days post-infection 
E Protéine d’enveloppe des PRRSV 
ELISA Enzym-Linked ImmunoSorbent Assay 
ELISPOT Enzyme-Liked ImmunoSpot Assay 
EP Electroporation 
FL07 Souche PRRSV-1 Flanders 07 
FL13 Souche PRRSV-1 Flanders 13 
FL13b FL13 atténuée 
GABI unité Génétique Animale et Biologie Intégrative 
GM-CSF Granulocyte-Macrophage Colony Stimulating Factor 
GP Glycoprotéine des PRRSV 
H1N1pdm09 H1N1 pandémique 2009 
HA Hémaglutinnine des virus influenza 
HA2 Tige de HA des virus influenza 
high High (élevée) en exposant 
ID Intradermique 
IFN-I Interféron de type 1 
IFNα/ / /λ Interféron alpha ou bêta ou gamma ou lambda 
IgA/G/M Immunoglobuline A ou G ou M 
IL Interleukine 
IM Intramusculaire 
INRA Institut Nationale de la Recherche Agronomique 
int Intermédiaire en exposant 
IRF Interferon regulatory factor 
kDa kiloDalton 
KO Knock-out 
LC Langerhans Cell 
low Low (faible) en exposant 
M Protéine de la matrice des PRRSV 
M2e Domaine extracellulaire de la protéine matrice 2 des virus influenza 
MARC-145 Meat Animal Research Center  – cellules rénales de singes MA-104 
MLV Modified Live Vaccine 
MoDC Monocyte-derived Dendritic Cell 
MoMθ Monocyte-derived Macrophages 
Mθ Macrophage 
N Nucléoprotéine des PRRSV 
NA Neuramidase des virus influenza 
NAbs Neutralizing Antibodies 
neg Négatif 
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NK Cellules Natural Killer 
Non-NAbs non-Neutralizing Antibodies 
NP Nucléoprotéine des virus influenza 
nsp non structural protein PRRSV 
ORF Open Reading Frame 
PAMs Porcine Alveolar Macrophages 
PBMC Peripheral Blood Mononuclear Cell 
pDC Plasmacytoid Dendrictic Cell 
PFIE Plate-Forme d’Infection Expérimentale 
PJ Pharmajet Tropis® 
PLGA NP Polylactico-glycolic acid nanoparticles 
pLuc Plasmide Luciférase 
pos Positif (en exposant) 
PRRSV PRRSV-1 ou -2 (sous-type) 
RdRp RNA-dependent RNA polymerase des PRRSV 
RT-qPCR Reverse-Transcription Polymerase Chain Reaction 
SA Streptavidine 
SAPHIR Strengthening Animal Productions and Health through Immune Responses 
scCD11c ScFv anti-CD11c 
ScFv Single chain variable Fragment 
SIRPα Signal regulatory protein α 
TLR Toll-Like Receptor 
TNFα Tumor Necrosis Factor alpha  
Treg regulatory T cells 
UT Untargeted 
V2i Équipe Vaccins, Virus Immunopathologie de l’unité VIM 
VB Vaccibodies 
VC Vaccicomplexes 
VIH Virus Immunodéficience Humain 
VIM Virologie et Immunologie Moléculaires 
XCR1 Chemokine XC receptor 1 
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polyprotéines pp1a et pp1b respectivement, qui sont maturées en quatorze protéines non 

structurales. Les ORF2 à 7 sont traduits à partir d’ARN messagers (ARNm) subgénomiques, 

précurseurs de huit protéines structurales (Kuhn et al. 2015). 

 

b. Protéines non structurales 

Le complexe de réplication est codé par les ORF1a et 1b qui constituent environ 75% 

du génome viral. Les protéines non structurales (non-structural proteins - nsp en anglais) sont 

impliquées dans la réplication virale. L’ORF1a code les protéines nsp1α- , nspβ à 6, nsp7α-  

et nsp8 (Figure 2A). Ces protéines virales sont nécessaires à la régulation de l’expression des 

gènes de la machinerie de réplication ainsi qu’à l’interaction du complexe de réplication avec 

le génome. Les nsp1, 2 et 4 ont une activité protéolytique et clivent les polyprotéines pp1a et 

pp1b. 

L’ORF1b code les protéines nspλ à 12 (Butler et al. 2014). Ces protéines sont 

indispensables à la réplication virale. Nspλ code l’ARN polymérase ARN dépendant (RNA 

dependent RNA polymerase – RdRp en anglais), nsp10 code l’ARN hélicase, nsp11 code 

l'endoribonucléase dite des Nidovirus (NendoU) et nsp12 jouerait un rôle dans le recrutement 

de protéines cellulaires pour avantager la réplication virale (Dong et al. 2016). 

Deux protéines non structurales (nsp1 et RdRp) sont davantage détaillées ci-après car 

elles seront utilisées dans ma thèse comme antigènes. 

 

i. La protéine non structurale 1 ou nsp1 

Codée par l’ORF1a, nsp1 est exprimée précocement dans le cytoplasme des cellules 

infectées. C’est une protéine multifonctionnelle importante de γκγ acides aminés (aa) 

(Rascón-Castelo et al. 2015, revue). L’homologie de séquence des acides aminés de nsp1 est 

d’environ κλ,5 % entre les souches du PRRSV-1, et d’environ 5β,β % entre les PRRSV-1 et 

PRRSV-2 (Darwich et al. 2011). Son activité auto-protéolytique conduit à sa maturation ainsi 

que celle de nsp2 en clivant les liaisons peptidiques de la polyprotéine pp1a. Elle réalise un 

autre auto-clivage et elle est alors maturée en deux protéines nsp1α et nsp1 . Nsp1 régule 

également la transcription des ARNm viraux subgénomiques (Rascón-Castelo et al. 2015, 

revue). 
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La taille de la protéine nsp1α est de 180 aa pour les PRRSV-1 et PRRSV-2 (Lunney et 

al. 2016, revue) d’environ 1λ kDa. Nsp1α contient un domaine doigt de zinc suivi d’un 

domaine protéolytique de la famille des papaïnes et d’une courte terminaison C terminale 

(Dokland 2010, revue). La taille de la protéine nsp1  est de 205 aa et de 203 aa pour les 

PRRSV-1 et PRRSV-2 respectivement (Lunney et al. 2016, revue) d’environ 4γ kDa. Nsp1  

contient un domaine nucléasique suivi d’un domaine auto-protéolytique de la famille des 

papaïnes (Dokland 2010, revue). Nsp1  est retrouvée sous forme de dimères par l’interaction 

de ses domaines nucléases. Nsp1α et nsp1  sont des antagonistes de la réponse interféron de 

type 1 (IFN-I). Elles inhibent l'activité du promoteur des gènes IFN-I en interférant sur le 

facteur de transcription IRFγ et en inhibant la phosphorylation d’I Bα (Rascón-Castelo et al. 

2015, revue). De plus, nsp1α dégrade la protéine CREB (C-AMP Response Element-binding 

protein - facteur de transcription liant l’AMPc, l’adénosine monophosphate cyclique), 

empêchant le recrutement d’IRFγ à l’enhanceosome et réduisant ainsi l'induction d'IFN-I 

(Rascón-Castelo et al. 2015, revue). 

 

Figure 2- Représentation schématique d’un PRRSV 
A. Organisation schématique de l’ARN génomique viral. Les ORF1a et ORF1b sont 

traduites à partir de l’ARN génomique en polyprotéines pp1a et pp1b respectivement, 
et ces polyprotéines seront maturées en 14 protéines non structurales (nsp). L’ORF1a 
code les nsp1 à 8. Les papaïnes (des protéases à cystéine – Pα, P , Pβ) clivent la pp1a 
en nsp1α (triangle rose), nsp1  (triangle bleu) et nsp2 (triangle vert). La protéase à 
sérine (S) clive pp1a à différents sites de clivages (triangles noirs) pour générer les 
nsp3 à 8. (S) clive pp1b à différents sites de clivages (triangles noirs) pour générer les 
nspλ à 1β codées par l’ORF1b. Les nsp λ à 1β sont impliquées dans le complexe de 
réplication et de transcription du génome infectieux viral. Ces nsp sont l’ARN 
polymérase ARN dépendante (RdRp – nspλ), l’ARN hélicase (nsp10), une 
endoribonucléase (NendoU – nsp11) et nsp1β. À partir d’ARNm subgénomiques, les 
ORF2 à 7 codent les protéines structurales E, GP2, GP3, GP4, G5a, GP5 et M, et N. 
Extrait de (Lunney et al. 2016, revue). 

B. Localisation schématique des protéines structurales de l’enveloppe composée de 
glycoprotéines (GP), de protéines de l’enveloppe (E) et de protéines membranaires 
(M), et de la nucléocapside composée de nucléoprotéines (N) et de l’ARN génomique 
(Snijder and kikkert, Arteriviruses, Virology 2013, livre). 
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ii. La polymérase virale nsp9 ou RdRp 

Codée par l’ORF1b, la polymérase virale RdRp est la protéine non structurale la plus 

conservée parmi les virus de l’ordre Nidovirales avec une homologie de séquence des acides 

aminés d’environ 97,9 % entre les souches PRRSV-1, et d’environ 74 % entre les PRRSV-1 

et PRRSV-2 (Darwich et al. 2011). La RdRp est l’ARN polymérase ARN dépendante des 

PRRSV. Sa taille est de 685 aa (Lunney et al. 2016, revue) pour les PRRSV-1 et PRRSV-2 

d’environ 71 kDa. Elle est responsable de la réplication virale dans le cytosol des cellules 

infectées ainsi que de la transcription en ARNm génomiques et subgénomiques. La RdRp 

interagit également avec des protéines cellulaires pour faciliter la réplication virale (Liu et al. 

2016). La diversité de souches virales PRRSV s’explique par une RdRp peu processive 

induisant des mutations génétiques avec un taux d’évolution génétique élevé de l’ordre de   

10-2/site/an à la différence des autres virus à ARN génomique de l’ordre de 10-3 à 10-5/site/an 

(Hanada et al. 2005). L’infidélité de la RdRp entraîne l’apparition de quasi-espèces durant la 

réplication. L’évolution et la stabilité de ces quasi-espèces dépendent des mutations induites. 

La variabilité génétique des souches PRRSV s’explique également par un autre phénomène 

qui est la recombinaison génétique inter-souches. 
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2017) ont évalué in vitro la sensibilité de Mθ issus de porcs KO pour CD163 et ont montré 

que CD163 est indispensable à l'infection par les PRRSV-1 et PRRSV-2. De plus, la délétion 

du 5ème domaine scavenger riche en cystéines suffit à abroger l'infectiosité des PRRSV-1 et 

PRRSV-2 in vitro, sans modifier l'expression membranaire de CD163 ni sa fonction de 

scavenger de l'hemoglobine-haptoglobine (Buckard et al 2017). Par contre, les motifs de 

CD163 impliqués dans l'infection ne sont pas les mêmes entre les deux génotypes: En effet, le 

remplacement du 5ème domaine scavenger du CD163 porcin par la séquence humaine permet 

l'infection par les PRRSV-2 mais pas par les PRRSV-1. Ces résultats ont été confirmés in vivo 

avec quelques isolats viraux (Wells et al. 2017). De plus, Yang et al. ont démontré que des 

porcs KO pour CD163 sont totalement résistants contre des souches hautement pathogènes 

chinoises du PRRSV. CD163 est donc le récepteur indispensable pour une infection par les 

PRRSV. 

 

b. Autres récepteurs et facteurs intracellulaires des PRRSV 

Le phénotype des cellules influe sur l’infection par les PRRSV. En plus des récepteurs 

CD16λ et CD16γ, d’autres récepteurs ont été décrits comme étant impliqués dans l’entrée 

virale des PRRSV (Figure 4B) (Nan et al. 2017, revue ; Popescu et al. 2017, revue ; Shi et 

al. 2015, revue). Les heparan-sulfates sont des polysaccharides impliqués dans l’initiation de 

l’attachement viral par l’interaction avec le complexe GP5-M. Le récepteur tétraspanine 

CD151 interagit avec la région γ’ non-traduite de l’ARN génomique viral. Son rôle n’est pas 

défini mais il a été démontré que sa surexpression rendrait certaines lignées cellulaires 

permissives aux infections par les PRRSV (Wu et al. 2014). La vimentine est une protéine du 

filament intermédiaire cellulaire qui a été montrée comme facilitant l'infection. Elle jouerait 

un rôle dans le transport des particules PRRSV dans le cytoplasme en formant un complexe 

avec les autres composants de filaments intermédiaires (Kim et al. 2006). L'interaction du 

récepteur DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing 

Non-integrin ou CD209) avec le PRRSV induit l’expression des gènes pro-inflammatoires 

(TNF, IL12p35, IL-1 , IL-6) dans des cellules dendritiques dérivées de monocytes (Piñeyro 

et al. 2016). MYH9 (non-Muscle Heaby Chain 9) joue un rôle dans l’endocytose des 

particules virales par interaction avec GP5 (Gao et al. 2016). Les auteurs (Wang et al. 2018) 

ont démontré que le PRRSV pouvait se transmettre entre cellules par des exosomes cellulaires 

contenant des génomes viraux infectieux ainsi que certaines protéines structurales virales. Ces 

exosomes peuvent alors infecter à la fois des cellules sensibles et insensibles au PRRSV. 
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Figure 4 - Représentation schématique des interactions entre les protéines de 
l’enveloppe des PRRSV et les molécules de surface cellulaire 

A. Le complexe hétérodimérique GP2a-3-4-2b (GP2b aussi appelée E) et son interaction 
avec CD163 des cellules hôtes. Extrait de (Lunney et al. 2016, revue). 

B. Les interactions entre les protéines de l’enveloppe virale (ovales) et plusieurs 
récepteurs cellulaires (rectangles). Extrait de (Popescu et al. 2017, revue). 

 

c. Les cellules cibles des PRRSV 

Les PRRSV ont un tropisme pour les lignées cellulaires de type Mθ. Les PAMs sont les 

principales cellules cibles. Les virus ont également été identifiés dans des Mθ de différents 

tissus tels que les ganglions, le thymus, la rate, le placenta et l'utérus, le foie et les plaques de 

Peyers (Morgan et al. 2016). Par contre, les Mθ péritonéaux et les monocytes du sang 

semblent réfractaires à l'infection (Teifke et al. 2001). In vitro, les macrophages dérivés des 

monocytes (Monocyte-derived Macrophages – MoMθ en anglais) peuvent être infectés par la 

souche Lena du génotype 1 sous-type3, particulièrement les MoMθ dérivés sous 

dexamethasone et IL-10. (Singleton et al. 2016). Cette étude montre aussi que les MoMθ sont 

plus sensibles à l'infection par la souche Lena que les cellules dendritiques dérivées des 

monocytes (Monocyte-derived Dendritic Cells – MoDC en anglais) qui s'avèrent peu 

infectables (cf. partie III.B.1.a.ii.). 
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d. Cycle viral 

Les PRRSV se répliquent dans le cytoplasme cellulaire des Mθ et produisent 

généralement un effet cytopathique en 24 heures. Le cycle est détaillé dans la Figure 5 ci-

dessous. 

 
Figure 5 - Schéma du cycle de réplication des Arterivirus 

L’attachement aux récepteurs cellulaires est suivi de l’entrée virale médiée par endocytose, 
puis décapsidation de la particule virale. Le génome est traduit directement en polyprotéines 
pp1a et pp1b. Ces polyprotéines sont maturées par succession de clivages par des protéinases 
internes (triangles roses, bleus, verts et noirs). Les protéines non structurales virales sont 
exprimées à partir de ces polyprotéines et elles sont assemblées en un complexe de réplication 
et de transcription (Replication and Transcription Complex – RTC en anglais). Le RTC 
débute la réplication virale avec la transcription du génome infectieux ARN(+) en brin 
complet complémentaire ARN(-) et des ARNm(-) subgénomiques (sg). Les brins 
complémentaires génomiques ARN(-) servent de matrice pour la synthèse de nouveaux 
génomes viraux ARN(+) infectieux. Les ARNm(-) sg servent de matrice pour la synthèse 
d’ARNm (+) sg codant les protéines structurales. Les génomes d’ARN(+) néoformés sont 
encapsidés pour former après bourgeonnement de nouvelles particules virales infectieuse. 

Extrait de (Lunney et al. 2016, revue). 
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Figure 6 - Photographies de symptômes d’une infection par le PRRSV 
A. Anorexie (https://www.pig333.com) 
B. Morts fœtales à différents stades embryonnaires (https://www.3tres3.com) 
C. Cyanose des oreilles d’une truie (https://www.3trois3.com) 
D. Lésions pulmonaires d’un porc infecté âgé de 14 semaines (https://www.pig333.com) 

 

b. Biosécurité 

Comme décrit précédemment (cf. partie III.A.1.) le Syndrome Dysgénésique et 

Respiratoire Porcin est une maladie économiquement importante. C’est pourquoi, la 

biosécurité est une des clefs pour la prévention (http://www.prrs.com/en/prrs-

control/biosecurity). 

À l’échelle de l’élevage, de multiples stratégies ont été testées : adaptation des truies 

de renouvellement, dépeuplement-repeuplement, vaccination massive, analyse et élimination, 

ou encore l’isolement de l’élevage. Toutefois, la réinfection par des souches émergentes est 

fréquente. Après avoir identifié les voies de transmission, il est possible d’adopter les bonnes 

pratiques pour éviter la propagation virale. En effet, les semences des porcs doivent être 

analysées ; le personnel prend des douches avant et après les contacts avec les animaux; les 

cottes, les bottes et les aiguilles doivent être changées, ou encore, les véhicules de transport 

des animaux doivent être lavés et désinfectés. Le risque de transmission par l’air (courte et 

longue distances) n’est pas négligeable et la filtration de l’air permet de diminuer ce risque. 

La vaccination des truies et des porcelets est la stratégie la plus communément utilisée pour 

contrôler la maladie. Il a été démontré qu’un vaccin atténué a induit une protection 

https://www.pig333.com/
https://www.3tres3.com/
https://www.3trois3.com/
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hétérologue partielle avec une diminution de la virémie chez les porcs vaccinés et a réduit de 

dix fois le risque de transmission virale entre les porcs (Rose et al. 2015). 

À l’échelle régionale, différents pays ont établi des programmes pour le 

contrôle/élimination des virus comme vingt-cinq régions d’Amérique du Nord, la Corée ou 

encore la Hollande. Le programme néerlandais consiste dans un premier temps à réduire la 

transmission virale entre les élevages (biosécurité externe) et dans les élevages (biosécurité 

interne) avec des mises en quarantaines des animaux potentiellement infectieux. Lorsque 

après trois analyses, les élevages sont négatifs aux PRRSV, les actions se focalisent sur la 

biosécurité externe afin d’empêcher de nouvelles infections et de maintenir le statut négatif. À 

la différence, si les élevages sont positifs aux PRRSV, les actions se focalisent sur la 

biosécurité interne.  

À l’échelle nationale, la Hongrie a exigé en β014 une réglementation stricte des 

importations de porcs reproducteurs ou d’engraissement avec une mise en quarantaine. Un 

protocole accorde le statut PRRSV aux porcs et aux élevages qui réalisent des analyses 

sérologiques fréquentes, amenant à l’éradication virale dans certaines régions hongroises. 

 

c. Diagnostic de la maladie 

Les signes cliniques observés font souvent suspecter à un PRRSV (PRRSV, OIE). Le 

diagnostic clinique doit être confirmé dans un premier par l’identification de la souche virale. 

Le diagnostic virologique des PRRSV est difficile. Le virus peut être isolé à partir de sérum 

ou bien d’échantillons pulmonaires, des amygdales, des ganglions ou encore de la rate. Leur 

tropisme cellulaire étant les macrophages, ces cellules sont recommandées pour l’isolation 

virale pour les PRRSV ou bien des macrophages dérivés des monocytes (García-Nicolás et 

al. 2014), ou encore sur des lignées cellulaires sensibles comme les cellules MARC-145, les 

cellules CL2621 (dérivées de cellules rénales de singe) (Bautista et al. 1993) ou les cellules 

SJPL (St-Jude Porcine Lung) (Provost et al. 2012). 

La détection des ARN viraux dans les tissus ou dans le sérum est faite par RT-PCR 

(Reverse-Transcription Polymerase Chain Reaction). Cette technique hautement spécifique 

est sensible et permet d’évaluer rapidement le statut de l’infection. Aucun unique essai de RT-

PCR n’est capable de détecter toutes les souches de PRRSV en particulier dans les sous-types 

du PRRSV-1 qui sont très diversifiés. De ce fait, l’interprétation des résultats de RT-PCR 
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doivent être soigneusement évalués, et la validation doit être suivie d’un séquençage et d’une 

étude phylogénique des souches circulantes (Wernike et al. 2012). 

Des tests sérologiques viennent compléter les tests virologiques. Différentes méthodes 

de détection d’anticorps dans les sera ont été décrites comme l’IPMA (ImmunoPeroxydase 

Monolayer Assay), l’IFA (ImmunoFluorescence Assay) ou l’ELISA (Enzyme-Linked 

ImmunoSorbent Assay). L’ELISA est la méthode la plus communément utilisée au vu de sa 

rapidité, sa spécificité et sa sensibilité de confirmation à l’exposition virale. Les kits 

commercialisés peuvent être utilisés dans les sécrétions nasales et les sérums. Ces kits 

utilisent des antigènes séparément ou combinés des PRRSV-1 et PRRSV-2. Les protéines 

nsp1, nspβ et N peuvent être utilisée dans le développement d’ELISA. De nombreux ELISA 

expérimentaux ont été publiés comme un ELISA double-sandwich capable de distinguer les 

réponses humorales entre les deux génotypes viraux jusqu’à sept jours après infection 

(Sørensen et al. 1998). Ou encore, un double ELISA avec des N recombinantes a permis de 

détecter simultanément les anticorps spécifiques PRRSV-1 et PRRSV-2 avec une spécificité 

de 98,3 % et 99,3 % et une sensibilité de 97,4 % et 99,8 % respectivement (Brown et al. 

2009). 

 

d. Co-infections associées au PRRSV  

Les PRRSV, en fonction des souches virales, de la génétique du porc, ou de l'âge, 

induiraient des altérations de réponses immunitaires favorisant la pathogénicité d'autres 

infections bactériennes ou virales. Ainsi, il est courant d’observer des co-infections avec les 

PRRSV. Dans des pneumonies associées à l'infection par un PRRSV sur le terrain, des co-

infections ont fréquemment été détectées (Fablet et al. 2012 ; prrs.com). Différents 

pathogènes sont en cause aussi bien des bactéries telles que Haemophilus parasuis, 

Salmonella, Mycoplasma hyopneumoniae, Actinobacillus pleuropneumoniae que d'autres 

virus du complexe respiratoire porcin tels que le Circovirus (Porcine Circovirus 2), le 

coronavirus respiratoire porcin et les virus influenza. Par exemple, une étude a montré que la 

co-infection des PRRSV et des virus influenza se traduit par des manifestations cliniques plus 

sévères que les deux infections indépendantes (fièvre et perte de poids) (Van Reeth et al. 

1996). Bien que des travaux sur l'effet clinique des co-infections entre PRRSV et d'autres 

agents pathogènes conduisent à des résultats parfois contradictoires (Renukaradhya et al. 

2010 ; Pol et al. 1997), l'existence de co-infections fréquentes sur le terrain indique qu'il est 

https://www.ncbi.nlm.nih.gov/pubmed/?term=S%C3%B8rensen%20KJ%5BAuthor%5D&cauthor=true&cauthor_uid=9646448
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nécessaire de développer des vaccins efficaces pour contrer ces co-infections. Dans le travail 

expérimental, ma première étude a concerné une stratégie vaccinale contre le virus influenza 

porcin que je vais rapidement présenter ici. 

e. Les virus influenza porcins 

Les virus de la grippe appartiennent au genre des Influenza  A, B, C ou D, famille des 

Orthomyxoviridae. Tous ces virus ont un génome d’ARN à 8 segments linéaires simple brin 

de polarité négative. Ces virus sont enveloppés et comprennent 8 protéines structurales. 

L’hémagglutinine (HA) est constituée de HA1 qui est la portion globulaire en surface qui se 

fixe aux acides sialiques de l’hôte et de HA2 qui est la portion membranaire (tige) impliquée 

dans la fusion. La neuraminidase (NA) qui catalyse l'hydrolyse des acides sialiques et permet 

la libération du virus. Il existe deux protéines de matrice M1 et M2 : M2 forme un canal 

ionique permettant l’acidification de la vésicule d’endocytose, démasquant ainsi le peptide de 

fusion qui assure la sortie du virus dans le cytoplasme de la cellule hôte. Il y aussi une 

nucléoprotéine virale (NP) ainsi que les protéines du complexe polymérase PB1, PB2 et PA. 

Les Influenza A ont une nomenclature qui dépend des propriétés antigéniques de deux 

protéines de surface HA et NA. À ce jour, dix-huit sous-types de HA (H1 à H18) et onze de 

NA (N1 à N11) ont été identifiés (Sandbulte et al. 2015, revue) ; ces différents sous-types 

peuvent infecter l'homme, le porc et les oiseaux. Les virus influenza, comme les PRRSV, sont 

génétiquement très instables. Ils subissent des modifications génétiques de deux types : 1) des 

glissements antigéniques liés à des mutations ponctuelles et 2) des cassures antigéniques liées 

à des réassortiments entre segments viraux. Les gènes de ces huit segments d’ARN peuvent 

recombiner et s’assembler entre les différents sérotypes viraux pour former un nouveau type 

de virus (Sandbulte et al. 2015, revue). Les protéines HA1 et NA sont les plus variables. La 

population humaine ou animale nouvellement infectée est alors immunologiquement naïve 

aux nouveaux antigènes de surface. C’est l’émergence d’un nouveau virus au sein d’une 

population naïve qui est responsable des pandémies grippales. Dans le cas de la pandémie de 

2009, une co-infection du porc par un virus aviaire et un virus humain aurait conduit au H1N1 

car des gènes provenant des trois espèces ont été retrouvés dans le virus. Ce virus H1N1 

pandémique a été responsable de pathologies respiratoires aigües et de syndromes grippaux 

classiques, en fonction de l'âge des individus. Le porc est sensible aux différents Influenza A 

dont le H1N1 2009. Il peut être infecté par les virus aviaires, humains et porcins et 

représenterait un hôte de mixage (mixing vessel - en anglais). Ainsi les éleveurs peuvent 

transmettre le virus humain aux porcs et inversement. Des souches influenza se sont 
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cytokines inflammatoires (IFN-I, TNF, IL-1, IL-6, IL-8). Certains de ces médiateurs 

inflammatoires ont une action antivirale directe comme l’IFN-I (IFNα et IFN ). Le niveau de 

production des cytokines inflammatoires est nettement plus faible chez les porcs infectés par 

les PRRSV en général que par d'autres virus (Lunney et al. 2016, revue). En effet, une 

infection par le PRRSV induit une production d’IFNα cent fois moins importante que lors 

d’une infection par le Swine Influenza Virus (SIV) ou bien le Porcine Respiratory Coronavius 

(PRCV) et l'infection par le PRRSV ne semble pas induire de TNFα (Reeth and Nauwynck, 

2000). Ainsi, les PRRSV ont développé différents mécanismes d’échappement au système 

immunitaire inné de l’hôte, et plus particulièrement à l’IFN-I. 

 

a. Les phagocytes mononucléés chez les mammifères et en particulier 

chez le porc 

Je vais développer ce paragraphe sur les phagocytes mononucléés en raison de leur 

importance dans la réponse anti-virale et aussi vaccinale, qui fera l'objet de mes travaux. Les 

phagocytes mononucléés comprennent les monocytes, Mθ et cellules dendritiques. Il existe 

différentes possibilités de classer les phagocytes mononucléés sur la base de leur 

morphologie, l'expression de marqueurs de surface et les spécialisations fonctionnelles. Dans 

ma thèse, je m'appuie sur le système de classification de Guilliams and Van de Laar (Figure 

8) qui est basé sur l’ontogénie de ces cellules, établie dans le modèle de référence murin. 

Deux grandes classes de populations cellulaires se distinguent sur la base de l'ontogénie : 1) 

les Mθ issus de précurseurs embryonnaires et 2) les cellules issues de précurseurs de la moëlle 

osseuse qui comprennent d'une part les monocytes et les cellules dérivées des monocytes 

(MoMθ et MoDC) et d'autres part les cellules dendritiques bona fide. Ces populations ont été 

décrites principalement chez la souris et l'homme. Toutefois, plusieurs équipes dont mon 

équipe Vaccin Virus et Immunité (V2I) de l'INRA de Jouy-en-Josas ont identifié des 

populations homologues chez les ruminants et le porc (Vu Manh et al. 2015a). Dans ce qui 

suit, je vais présenter les caractéristiques phénotypiques et fonctionnelles majeures de ces 

sous-populations cellulaires dans différents tissus sur la base des connaissances acquises le 

plus souvent chez la souris, et préciser les caractéristiques des cellules homologues porcines, 

quand elles sont connues. Concernant l'expression des marqueurs de surface, je vais employer 

l'annotation descriptive suivante fonction du niveau d'expression: négatif (neg), faible (low – 

en anglais), intermédiaire (int) ou élevé (high – en anglais). Les données des trois paragraphes 
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Ce sont de grandes productrices d’IFN-I par la voie des ligands de récepteurs toll-like 7 et 9 

(Toll-Like Receptor – TLR en anglais) (Tableau 1). Les pDC porcines sanguines sont définies 

comme étant SIRPαlow CD4high (Dutertre et al. 2014, revue). 

Les cDC sont localisées dans les tissus lymphoïdes tels que la rate ou les ganglions et, 

les tissus non lymphoïdes tels que la peau, l'intestin, les poumons (Dutertre et al. 2014, 

revue). Dans toutes les espèces connues à ce jour, elles sont CMH class IIhigh CD11chigh. Les 

cDC sont subdivisées en deux populations : les cDC1 et les cDC2 qui se distinguent par leur 

développement, leur profil transcriptomique et leurs spécialisations fonctionnelles.  

Le développement des cDC1 est sous contrôles des facteurs de transcription BATF3, 

ID2, NFIL3 et IRF8. Dans toutes les espèces étudiées, elles sont CADM1high SIRPαlow et elles 

expriment fortement et spécifiquement XCR1 (Vu Manh et al. 2015b ; Dutertre et al. 2014, 

revue ; Bachem et al. 2010). Ainsi, il s’agit de cellules DC XCR1pos. XCR1 est le récepteur 

de la chemiokine XCL1, produite par les cellules T CD8pos et les NK durant les infections et 

les réponses inflammatoires, et dont l'expression est impliquée dans l'induction des réponses T 

CD8pos (Kroczek and Henn 2012, revue). XCR1, de par sa conservation d'expression inter-

espèces sur les cDC1, est une cible de choix pour le ciblage des antigènes vaccinaux sur les 

cDC1 (cf. partie III.D.2.c.). Les cDC1 sont impliquées dans l'induction des réponses T CD8pos 

notamment par leur capacité à cross-présenter efficacement les antigènes, dans l'induction de 

la réponse Th1 et dans la sécrétion d'IL-12p70 et de IFN  en réponse à la stimulation du 

TLR3 (Dutertre et al. 2014, revue ; Bachem et al. 2010). Chez le porc, les cDC1 ont été 

identifiées initialement par l'équipe V2I en utilisant la transcriptomique comparée dans le 

sang (Vu Manh et al. 2015b), la peau (Marquet et al. 2011) et le poumon (Maisonnasse et 

al. 2016). Les cDC1 capturent des corps apoptotiques à l'état basal (Marquet et al. 2011) et 

produisent particulièrement de l'IL-12 (Maisonnasse et al. 2016). 

Le développement des cDC2 est sous contrôle des facteurs de transcription IRF4, RELB 

et RBpj et elles comprennent deux sous-populations, KLF4pos and Notch2pos. La population de 

cDC2 KLF4pos est spécialisée dans l'induction de réponses de type T helper 2 (allergie, 

Tussiwand et al. 2015) alors que la population cDC2 Notch2pos est spécialisée dans 

l'induction de réponses de type T helper 17 (Satpathy et al. 2013). Les cDC2 partagent des 

fonctions et des marqueurs avec les MoDC. Il est donc parfois difficile de les distinguer. Dans 

toutes les espèces, les cDC2 se distinguent des cDC1 par le phénotype CADM1low SIRPαhigh 

(Dutertre et al. 2014, revue). Chez le porc, les cDC2 sont également CD1pos, ce qui a aidé à 

les identifier dans le sang (Edwards et al. 2017), la peau où elles sont CD163low (Marquet et 
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al. 2011) et le poumon où elles sont CD163neg (Maisonnasse et al. 2016). Les cDC2 des 

poumons de porc stimulent particulièrement efficacement les lymphocytes T CD4pos à 

produire de l'IL-17 (Maisonnasse et al. 2016). 

 

b. Les lymphocytes Natural Killer (NK) 

Les cellules NK représentent une première ligne de défense antivirale, de par leurs 

actions cytotoxiques et sécrétrices de cytokines anti-virales (IFN  notamment). Chez des 

porcs infectés par un PRRSV-2, l'activité cytotoxique des NK s'est révélée significativement 

réduite dès deux jours post-infection, sans qu'il y ait de changement de leur représentation 

dans le sang (Renukaradhya et al. 2010). Cette activité est réduite davantage lors d'une co-

infection avec le coronavirus porcin (Renukaradhya et al. 2010) et elle est retrouvée avec 

des vaccins atténués (Dwivedi et al. 2011). 

 

c. Les mécanismes d’échappement à la réponse innée 

Les PRRSV expriment plusieurs protéines virales non structurales impliquées dans 

l'échappement à la réponse innée, qui peuvent expliquer la faible expression des cytokines 

inflammatoires et d'IFN-I chez les porcs infectés. Deux revues décrivent leur implication qui 

est résumée ci-dessous (Lyoo 2015, revue ; Rascón-Castelo et al. β015, revue). 

L'interférence de nsp1 sur la réponse innée et en particulier la réponse IFN-I a été détaillée 

plus haut (partie I.B.2.a.). La protéine nsp2, qui est très variable entre isolats, est également 

un inhibiteur de la production d'IFN-I en bloquant l'ubiquitination du retinoic acid-inducible 

gene 1-a (RIG-I) et en inhibant la phosphorylation d’IRF3. Nsp2 bloque également la réponse 

anti-virale en inhibant l'ISGylation de ISG15. Nsp2 affecte aussi les réponses TNFα et IL1- . 

Nsp4 inhibe l'activation du promoteur du gène IFN  en interférant sur l'activation de la voie 

NFkB en ciblant le NFkB essential modulator  (NEMO). Enfin, nsp11 inhibe également 

l'activation du promoteur IFN . Cette faiblesse de la réponse innée est à mettre en rapport 

avec les particularités et les défauts de la réponse adaptive qui sont présentés ensuite. 
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expérimentalement avec un vaccin atténué commercial PRRSV-1 ; cette protection a été 

associée à un faible titre en NAbs et à une réponse CD4pos CD8pos IFN pos robuste après 

challenge hétérologue (Park et al. 2014). Une autre étude a comparé le niveau de la réponse 

lymphocytaire T induite chez des porcs infectés par différentes souches PRRSV-1 (Salguero 

et al. 2015): l’expression d’IFN  s'est révélée élevée chez les porcs infectés par la souche 

SU1-Bel (sous-type 3) ou par la souche Belgium A (sous-type 1) et était inversement corrélée 

à la charge virale. Dans cette même étude, les souches Lelystad (sous-type 1) et la souche 

215-06 (sous-type 1), peu pathogènes, ont induit une faible réponse lymphocytaire T IFN 
chez les porcs infectés. Ces résultats suggèrent l’implication des lymphocytes T dans la 

protection virale, et indiquent que cette réponse lymphocytaire dépend aussi de la souche 

virale. Enfin, une autre étude a montré une augmentation du facteur spécifique de la réponse 

Th1 Tbx21 (T-bet) dans les cellules CD4pos in vivo, chez des porcs infectés 

expérimentalement. (Ebner et al. 2014). Dans la littérature, des conclusions opposées entre 

les études ne permettent pas de déterminer clairement l’implication des cellules CD8pos 

cytotoxiques (Cytotoxic T Lymphocyte – CTL en anglais). En effet, la déplétion temporaire 

des cellules CD8pos au moment d’une infection n’entraîne pas l’augmentation de l’infection. 

Ces résultats suggèrent que les CTL n’auraient pas de rôle fonctionnel dans le contrôle de 

l’infection dans la phase aigüe mais il est difficile de contrôler leur déplétion totale, 

notamment dans les organes (LohseDr and Eriksen, 2004). Une étude a essayé d’évaluer la 

corrélation entre la persistance virale et les cellules cytotoxiques du sang et des organes 

lymphoïdes chez les porcs infectés (Lamontagne et al. 2003). Une diminution des cellules 

CD2pos CD8high dans les amygdales pourrait favoriser la persistance virale dans ces organes, 

alors que l'augmentation de ces cellules dans le sang contrôlerait la charge circulante. 

Au cours de l’infection, les différents types de lymphocytes T sont détectés à différents 

temps. Les cellules CD4pos diminuent transitoirement dans le sang vers 3 – 7 dpi avant de 

revenir à la normale vers 7 – 14 dpi. Dès 14 dpi, les lymphocytes T mémoires prolifèrent sans 

avoir d’activité cytotoxique. Plus tardivement, une augmentation des cellules CDκpos est 

observée vers 28 – 35 dpi. Les cellules CD8pos à activité cytotoxique sont détectées environ 

vers 49 dpi (Loving et al. 2015, revue). Plusieurs hypothèses ont été avancées pour expliquer 

la mise en place tardive de la réponse lymphocytaire. Comme d’autres virus de familles 

différentes (le Virus de l’Immunodéficience Humaine (VIH) un Retroviridae, la Diarrhée 

Virale Bovine (BVDV) un Flaviviridae, l’Artérite Virale Equine (EAV) un autre Arterividae), 

les cellules myéloïdes sont les cibles principales des PRRSV qui pourraient altérer ainsi leur 
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vaccinés ou bien encore la persistance de l’infection. Des travaux indiquent que certains MLV 

pourraient avoir un effet négatif sur le système immunitaire (LeRoith et al. 2011). 

 

b. Les vaccins inactivés 

À la différence des MLV, les vaccins inactivés ont été développés à travers le monde 

pour leur sureté (Nan et al. 2017, revue). Ils sont exclusivement destinés à la vaccination des 

truies immunisées. Depuis 2005, les vaccins inactivés ne sont plus commercialisés aux États-

Unis dû à une efficacité trop faible (Nan et al. 2017, revue). Ils n’induisent pas de NAbs et de 

manière générale, des réponses humorales et lymphocytaires très faibles. Contrairement aux 

MLV, les vaccins inactivés protègent partiellement les porcs contre des souches homologues 

avec une réduction de la phase virémique et ils ne protègent pas les porcs contre un challenge 

hétérologue (Geldhof et al. 2012) 

 

c. La génétique inverse 

Les mutations et les recombinaisons des PRRSV font que les vaccins commercialisés 

sont faiblement efficaces contre les nouvelles souches émergentes et/ou les souches 

hétérologues (Renukaradhya et al. 2015, revue). Il y a donc une nécessité de développer une 

nouvelle stratégie vaccinale contre les PRRSV pour induire une cross-protection permettant 

de contrôler et de prévenir les infections par les PRRSV. Des virus chimériques ont été 

produits en combinant les séquences de gènes codant une protéine structurale issues de 

plusieurs souches (Ni et al. 2013; Zhou et al. 2013 ; Zhou et al. 2012) ou bien en 

construisant un génome synthétique à partir d'une séquence consensus dérivée de l'alignement 

de 59 souches de PRRSV-2 (Tian et al. 2015 ; Vu et al. 2015). Ces stratégies vaccinales ont 

induit des protections contre des souches homologues (Ni et al. 2013) et des protections 

encore partielles contre des souches hétérologues (Tian et al. 2015 ; Vu et al. 2015 ; Zhou et 

al. 2013 ; Zhou et al. 2012) avec une induction de NAbs cross-neutralisants (Tian et al. 

2015 ; Zhou et al. 2013 ; Zhou et al. 2012). Le niveau de protection contre un challenge 

hétérologue était supérieur à celui d'une souche de référence, indiquant que cette stratégie est 

prometteuse. 
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d. Les vaccins avec protéines recombinantes et vaccins vectorisés 

Pour induire une réponse efficace contre les PRRSV, il est important d’exposer les 

protéines virales sous forme de complexes hétérodimères (M/GP5) ou hétérotétramères 

(GP2/GP3/GP4/E) pour induire des NAbs contre les protéines dans leur conformation la plus 

naturelle possible (Renukaradhya et al. 2015, revue). Dans le passé, différents systèmes 

d'expression de protéines recombinantes ont été utilisées. Les systèmes d’expression par 

baculovirus de GP3 et 5 ont induit une protection partielle contre les souches homologues in 

vivo chez la truie gravide (Duran et al. 1997). L’utilisation de plantes transgéniques pour 

l’expression des protéines virales telles que le tabac (Chia et al. 2010), la banane (Chan et al. 

2013), le maïs (Hu et al. 2012), la pomme de terre (Chen et al. 2011) ou encore les pois 

cassés (Vimolmangkang et al. 2012) ont induit in vivo une réduction de la virémie, une faible 

production d’anticorps et une protection partielle contre des souches homologues. Ces 

stratégies se révèlent donc insatisfaisantes, peut-être aussi en raison du manque de 

connaissance sur les structures antigéniques exposées et protectrices. 

Des poxvirus (Zheng et al. 2007), des adénovirus (Jiang et al. 2008 ; Gagnon et al. 

2003) ou encore des fowlpoxvirus (Shen et al. 2007) en tant que vecteurs viraux codant GP5 

seule (Gagnon et al. 2003) ou GP5 en association avec d’autres protéines virales comme GP3 

(Jiang et al. 2008 ; Shen et al. 2007), GP4 (Jiang et al. 2008) ou bien M (Zheng et al. 2007) 

ont montré de fortes inductions de réponses humorales et lymphocytaires lors de combinaison 

de ces protéines virales, avec une production de NAbs (Jiang et al. 2008). Néanmoins, la 

protection hétérologue reste un obstacle. 

 

e. Les vaccins à ADN 

Les maladies infectieuses représentent une menace continue pour les animaux de 

compagnie, rente et sauvages. Il est généralement observé que la vaccination à ADN est 

moins efficace chez les grands animaux que chez la souris. Toutefois, quatre licences de 

vaccins à ADN existent en santé vétérinaire : Salmon Pancreas Disease chez les saumons 

depuis 2017, le mélanome canin depuis 2010, West Nile Virus chez le cheval depuis 2009 et 

Nécrose Hématopoiétique Infectieuse chez les saumons depuis 2005 (Tregoning and 

Kinnear, 2014). 

La vaccination à ADN consiste à transfecter un plasmide codant un ou des gènes 

d’intérêts dans les cellules de l’hôte in vivo. Cette stratégie vaccinale induit de bonnes 
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réponses humorales et cytotoxiques (Hasson et al. 2015). Les plasmides vaccinaux sont 

décrits comme thermostables en comparaison aux autres approches vaccinales, plus sûrs que 

les MLV, ne présentant pas de risques de réversion à une virulence (Tregoning and Kinnear, 

2014). La production à grande échelle est sûre et maîtrisée, avec un coût abordable et les 

plasmides sont adaptables aux souches circulantes (Prather et al. 2003, revue). Cette 

adaptabilité aux différents pathogènes et différents gènes peuvent être combinés 

simultanément, ce qui permet de mettre au point des vaccins contre plusieurs souches d’un 

pathogène et d’approches de combinaison contre plusieurs pathogènes (Redding and 

Werner, 2015). 

L’expression du plasmide vaccinal se fait dans les cellules présentes au site d’injection 

de l’hôte telles que les cellules dendritiques ou les myocytes lors d'une injection 

intramusculaire (Tregoning and Kinnear, 2014) ou bien les kératinocytes lors d'une injection 

intradermique (Martinon et al. 2009). Le mécanisme d’entrée du plasmide dans les cellules 

locales n’est pas clairement défini et dépend du type cellulaire mais aussi de la méthode 

d’injection. Le cheminement du plasmide jusqu’au noyau cellulaire rencontre plusieurs 

obstacles tels que la fragmentation par les nucléases cytosoliques et le franchissement des 

membranes cellulaires et nucléaires (Tregoning and Kinnear, 2014). Une étude antérieure a 

estimé que moins de 0,1 % du plasmide vaccinal qui entre dans le cytosol arrivera jusqu’au 

noyau où il sera transcrit (Capecchi, 1980). Ce transit dans la cellule peut avoir un effet sur 

l’activation de la réponse innée et par conséquent sur l’immunogénicité du vaccin (Suschak et 

al. 2016). 

Des vaccins à ADN expérimentaux ont été testés contre des maladies infectieuses des 

animaux de compagnie comme la péritonite infectieuse féline chez le chat (Glansbeek et al. 

2002) ou la rage chez le chien (Tesoro Cruz et al. 2006), ou des animaux de rente comme la 

pseudotuberlose chez le mouton (Chaplin et al. 1999), l’herpèsvirus bovin chez le veau 

(Quattrocchi et al. 2017). Ces vaccins expérimentaux ont induit des réponses lymphocytaires 

et des réponses humorales variables. Des cas d’inflammations après la vaccination à ADN ont 

été reportés, principalement liés au mode d'administration, mais elles sont en général bien 

tolérées (Ahlén et al. 2007). 

Plus particulièrement chez le porc, plus de 1000 publications ont testé l’efficacité de la 

vaccination à ADN contre différentes maladies comme la maladie d’Aujeszky (Dory et al. 

2005), la grippe (Karlsson et al. 2018) ou bien la peste porcine africaine (Pérez-Núñez et al. 

2019). Il a été démontré chez différents modèles (dont le porc) que le mode d’administration 

impactent sur l’immunogénicité des vaccins à ADN. L’électroporation (cf. partie. III.C.2.b.ii.) 
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a été démontrée comme particulièrement efficace pour augmenter l’efficacité des vaccins à 

ADN (Le Moigne et al. 2012 ; Babiuk et al. 2002). Il a aussi été montré que l’injection de 

plasmide par la voie intradermique induirait de meilleures réponses humorales avec 

l’induction de NAbs par rapport à la voie intramusculaire (Dory et al. 2009). Un des 

inconvénients potentiels des vaccins à ADN est qu’il existe une possibilité théorique que le 

plasmide vaccinal puisse s’intégrer dans le génome de l’hôte. Des tests chez la souris et chez 

le porc ont montré le niveau d’expression des plasmides étaient inférieurs à la limite 

recommandée par la FDA (Food and Drug Administration) pour rechercher des évènements 

d’intégration des plasmides dans le génome de l’hôte (Dory et al. 2015). De plus, il a été mis 

en évidence qu’une injection unique de plasmide à faible quantité (< 15 µg) était efficace pour 

induire une protection des porcs contre la maladie d’Aujeszky (Dory et al. 2005). 

La vaccination à ADN est une alternative vaccinale prometteuse contre les infections 

par les PRRSV. Comme pour les vaccins vectorisés, des études de vaccination à ADN contre 

les PRRSV ont immunisé des souris ou des porcs soit avec une protéine structurale, le plus 

souvent avec GP5 (Tang et al. 2014 ; Wang et al. 2013 ; Du et al. 2012 ; Li et al. 2009 ; 

Jiang et al. 2006 ; Fang et al. 2006) soit en combinant GP5 avec d’autres protéines telles que 

GP3 (Du et al. 2012) ou M (Jiang et al. 2009). Chez la souris, il y a induction de réponses 

humorales et lymphocytaires (Wang et al. 2013 ; Li et al. 2009 ; Fang et al. 2006 ; Jiang et 

al. 2006) confirmées chez le porc (Tang et al. 2014 ; Du et al. 2012 ; Jiang et al. 2009), avec 

une protection homologue et une production de NAbs (Tang et al. 2014 ; Du et al. 2012). 

Toutefois, une étude a montré une exacerbation chez des porcs immunisés avec un plasmide 

codant GP5 et M (Diaz et al. 2013). Enfin, des vaccins à ADN visant l'induction de réponses 

lymphocytaires T ont été produits à partir des séquences communes entre 748 GP5 d'isolats 

différents (GP5 mosaïques) (Cui et al. 2016). Là encore une protection partielle a été obtenue. 

Pour améliorer la vaccination à ADN, deux études ont proposé d'immuniser des porcs 

en combinant des vaccins à ADN et des MLV: des porcs immunisés avec un plasmide codant 

une N tronquée ou N complète puis "boostés" avec un MLV hétérologue ont induit des 

réponses humorales et lymphocytaires, avec une augmentation de la production de NAbs, et 

une réduction de la réponse lymphocytaire T régulatrice, qui est proposée comme associée 

aux effets immunomodulateurs négatifs de certains MLV (Sirisereewan et al. 2017 ; 

Suradhat et al. 2015). Toutefois cette stratégie utilisant N seule n'a pas conduit à la moindre 

réduction de charge virale.  
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par rapport aux liaisons chimiques : la connaissance exacte du nombre de molécules couplées, 

le contrôle de la concentration d’endotoxine et enfin, il permet de modifier génétiquement 

l’anticorps utilisé (humanisation par exemple). 

 

b.  Les anticorps à fragment unique à chaine unique ou ScFv 

Il est possible d’optimiser ces recombinants anticorps-antigène en réduisant leur 

immunogénicité et leur taille (Feige and Buchner, 2014, revue). En retirant le fragment Fc et 

les parties constantes du fragment Fab, il est possible de relier la partie C-terminale du 

fragment variable léger à la partie N-terminale du fragment variable lourd par un peptide 

linker, et de former un anticorps à fragment à chaine unique (Single chain Fragment variable 

– ScFv en anglais) (Figure 13B). Ce sont des monomères, plus petits que les anticorps 

parentaux, plus faciles à produire et diminuent le risque d’interférence entre les fragments Fc 

et les cellules exprimant le récepteur aux Fc. Les antigènes peuvent être reliés aux ScFv via 

un linker. Nous avons utilisé un ScFv-anti-CD11c porcin dans la stratégie de vaccination 

contre le PRRSV chez le porc (résultats présentés dans l’article 3). 

 

c. Les vaccibodies 

L’équipe norvégienne de Bjarne Bogen (Université d'Oslo) et la société Vaccibody qui est 

partenaire de notre projet européen SAPHIR (vaccibody.com) ont développé des structures 

de ciblage appelées « vaccibodies » (VB). Les VB sont composés de trois unités : une partie 

APC-targeting (un anticorps ou un ScFv ou un ligand d’un récepteur), une partie de 

dimérisation (région charnière et CH3 d'une IgG3 humaine) et une partie antigénique (Figure 

13C). Les vaccins VB sont rapidement et facilement modifiables. Vaccibody a des données 

issues d’essais précliniques dans une large gamme de modèle animal contre les cancers ou les 

maladies infectieuses. Des études ont montré que les VB induisent des protections contre le 

virus influenza, l’herpès virus β ou encore la tuberculose, en induisant des anticorps 

neutralisants et des réponses lymphocytaires T auxiliaires après une seule injection. Dans 

notre stratégie de vaccination contre le PRRSV, nous avons comparé des VB ciblant deux 

récepteurs XCR1 et CD11c administrés chez les porcs (résultats présentés dans les articles 3 

et 4). 

 



 

65 
 

d. Les anticorps fusionnés aux antigènes par des liaisons non 

covalentes 

Les complexes anticorps-antigènes peuvent être reliés par des liaisons non covalentes 

telles que la biotine-streptavidine (Dong et al. 2013) ou la dockerin-cohésine (Flamar et al. 

2012) et leur emploi en DC-targeting augmentent fortement les réponses lymphocytaires T 

spécifiques CD4pos et CD8pos et humorales. Nous avons vacciné des porcs avec des antigènes 

du virus influenza ciblés au CD11c en utilisant cette approche et nous avons baptisé ces 

structures Vaccicomplexes, présentées dans l’article 1. 

 

2. Les récepteurs ciblés 

Le récepteur ciblé détermine le routage intracellulaire après capture et internalisation de 

l’antigène et donc sa voie de présentation aux cellules CD4pos, CD8pos ou aux cellules B et il 

détermine le sous-type de DC ciblé si le récepteur est exprimé sélectivement (Alvarez et al. 

2013, revue). De nombreux récepteurs ont été évalués avec succès dans le modèle murin, et 

quelques récepteurs chez de plus grands mammifères. Bien que les différentes sous-

populations de DC sont caractérisées chez le mouton, le porc ou encore le singe, les réactifs 

spécifiques sont limités par rapport au modèle murin. Je décris ci-dessous l'emploi de trois 

récepteurs : DEC205 qui a été le plus utilisé dans la littérature, CD11c et XCR1 que j'ai ciblé 

dans mon travail expérimental chez le porc. 

 

a. DEC205 

DECβ05 ou CDβ05 est un récepteur d’endocytose et une lectine de type c (Alvarez et al. 

2013, revue ; Shrimpton et al. 2009). Sa partie N-terminale extracellulaire est constituée 

d’un domaine riche en cystéines, d’une fibronectine de type II, dix domaines de 

reconnaissance de motifs glucidiques et une séquence d'internalisation intra-cytosolique. Chez 

la souris, il est préférentiellement exprimé par les DC CDκαpos (cDC1) et son ciblage facilite 

la cross-présentation antigénique aux lymphocytes T. Il est également exprimé par les DC 

épithéliales thymiques, les DC dermales et les LC (Kurts, 2008). Il a été caractérisé chez 

différents animaux dont la souris, le mouton, la chèvre ainsi que le porc (Alvarez et al. 2013, 

revue). Il reconnait de multiples ligands, sans grande spécificité, incluant les CpG de type B 

(Lahoud et al. 2012). C’est un des récepteurs les plus utilisés pour l’APC-targeting dans 
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différents modèles animaux depuis 1995 (Alvarez et al. 2013, revue), en vaccination 

protéique ou à ADN. Des niveaux sans précédent de réponses T CD8pos et Th1 ont été induits 

par le ciblage de ce récepteur (Idoyaga et al. 2011). 

Par exemple des souris immunisées par IM et EP avec un vaccin à ADN codant un ScFv-

anti-DEC205 fusionné à un antigène GAG p41 du VIH ont développé de plus fortes réponses 

lymphocytaires T IFN  CD4pos et CD8pos et humorales spécifiques que si elles étaient 

immunisées avec l’antigène non ciblé (Nchinda et al. 2008). De plus, elles ont montré une 

protection renforcée vis à vis d'un challenge intranasal avec un virus de la vaccine codant 

pour GAG p41. Un même type de bénéfice a été obtenu avec le ciblage d'antigènes tumoraux 

(Cao et al. 2013), et d'autres antigènes viraux (influenza, Niezold et al. 2015). 

Dans un autre travail, des veaux ont reçu une dose de vaccin à ADN codant un ScFv-anti-

DEC205 fusionné à un antigène d’Anaplasma marginale, à CD40L et au FLT3L. Ils ont 

présenté des réponses lymphocytaires T CD4pos prolifératives et sécrétrices d’IFN , ainsi 

qu’une réponse humorale, supérieure à celles obtenus chez des veaux immunisés avec un 

vaccin à ADN codant l’antigène seul (Njongmeta et al. 2012). Récemment, une étude 

clinique en phase I (NCT01834248) a montré à la fois l’induction d’une réponse humorale 

spécifique et lymphocytaire IFN  chez des patients atteints de différents cancers après 

l’injection d’un anti-DECβ05 fusionné à l’antigène NY-ESO-1 présent sur des cellules 

tumorales, en présence d’adjuvants (Dhodapkar et al. 2014). 

 

b. CD11c 

CD11c est un récepteur de type I de la famille des intégrine (Uotila et al. 2013). Il est 

composé d’une chaîne αX et de l’intégrine β (ou CD1κ). C'est le récepteur du complément 4 

(Kurts, 2008). Il est exprimé par les cellules myéloïdes comprenant les macrophages, les 

monocytes, les DC ou encore les cellules NK. Il interagit avec différents ligands comme des 

molécules d’adhésion ICAM-1 ou ICAM-4, des protéines du complément comme iC3b, des 

protéines de matrice comme le fibrogène ou le collagène, ou bien avec des composants 

bactériens comme le LPS (Sadhu et al. 2007). Il joue un rôle dans la capture des antigènes, 

notamment quand opsonisés par le complément, et dans la présentation d’antigène. Son 

expression par une large sélection de cellules myéloides fait de CD11c un candidat intéressant 

pour l’APC-targeting. Certains travaux indiquent que le ciblage de CD11c serait plus efficace 

que celui de DEC205 pour induire les réponses lymphocytaires T CD4pos et CD8pos (Kurts, 
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2008). Des souris immunisées avec un vaccin à ADN codant un ScFv-anti-CD11c murin 

fusionné avec un antigène tumoral HER/2neu administré par IM+EP ont induit une réponse 

cytotoxique anti-tumorale, et en combinaison avec du cyclophosphamide pour éviter 

l'induction de lymphocytes T régulateurs, la vaccination retarde significativement le 

développement des tumeurs (Wang et al. 2015). Enfin, le ciblage de CD11c sur des cDC2 

humaines in vitro, en lien avec le routage endocytique du récepteur dans des compartiments 

précoces, s'est révélé très efficace pour la présentation croisée d'antigènes aux lymphocytes T 

CD8pos; ainsi le ciblage de ce récepteur permettrait aux antigènes de sortir de l'endosome 

précoce et de suivre la voie de présentation du CMH class I, dans des non-cDC1, au moins 

chez l'homme (Cohn and Delamarre, 2014). 

Nous avons utilisé chez des porcs la stratégie de l’APC-targeting en ciblant CD11c : soit 

en vaccinant contre un virus influenza A avec un complexe anticorps-antigène reliés par une 

liaison non covalente de type biotine-streptavidine, soit en immunisant contre le PRRSV-1 

avec des vaccins à ADN codant des VB-ScFv-anti-CD11c fusionnés à différents antigènes du 

PRRSV-1 (résultats présentés dans les articles 1 et 3 respectivement). 

 

c. XCR1 

XCR1 ou XC-chemokine receptor 1 appartient à la superfamille des protéines G (Lei and 

Takahama, 2012, revue). Il est constitué de sept domaines transmembranaires et de 

nombreux acides aminés conservés. Il est exclusivement exprimé par les cDC1 et aucune 

autre cellule du système hématopoïétique. Son expression sélective sur les cDC1 est 

conservée chez les mammifères tels que la souris, l’homme, le singe, le mouton ou encore le 

porc (Deloizy et al. 2016). L’interaction avec son ligand XCL1 (XCL1 et XCLβ chez 

l’homme) entraîne une augmentation d’ions calcium intracellulaires (Lei and Takahama, 

2012, revue). XCL1 est sécrété par les lymphocytes T CD8pos et les cellules NK. 

L’interaction XCR1/XCL1 stimule la différenciation des lymphocytes T CD8pos en 

lymphocytes T cytotoxiques (cf. partie III.B.1.a.iii.). Son exclusivité d’expression par les 

cDC1 fait de XCR1 un candidat idéal pour le DC-targeting. Des souris immunisées avec des 

constructions XCL1-OVA ou anti-XCR1-OVA co-injectés avec du LPS comme adjuvant, 

présentent des réponses lymphocytaires T CD4pos et CD8pos cytotoxiques nettement 

supérieures à celles induites par l'OVA non ciblée (Hartung et al. 2015; Terhorst et al. 

2015). Des souris immunisées avec un vaccin à ADN codant un VB-HA-XCL1 (HA du virus 
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co-injectés, sont connus pour augmenter l'efficacité de la vaccination à ADN en général, par 

exemple le CD40L, ICAM-1, IL-12, IL-15 ou encore le GM-CSF. Les cellules transfectées 

avec le plasmide codant l’adjuvant le sécrètent dans le site d’injection stimulant les APC 

résidentes et les cellules des ganglions lymphatiques drainants (Suschak et al. 2017, revue). 

Le GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor) est une cytokine 

adjuvant particulièrement efficace pour activer les lymphocytes T (Somasundaram et al. 

1999) pour induire les lymphocytes T CD8pos et pour recruter les APC au site d’immunisation 

(Li and Petrovsky, 2016 ; Chen et al. 2014). Il a été démontré comme efficace à de 

nombreuses reprises (des centaines de références), par exemple dans les vaccinations à ADN 

contre Pseudorabies virus (Yoon et al. 2006) ou la Dengue (Lu et al. 2013). Par contre 

certains travaux montrent que ses effets sont divers et imprédictibles: lors d'immunisation à 

ADN contre différents flavivirus, des effets positifs ou négatifs sur la réponse immune ont été 

obtenus (Chen et al. 2014). De même, de fortes doses de GM-CSF dans le cadre d'une 

vaccination avec un vecteur codant pour des antigènes du SIV chez le macaque ont fortement 

réduit les réponses muqueuses à IgA (Chen et al. 2014). 

Nous avons employé cet adjuvant génétique dans l'article 2 où nous avons évalué 

l'efficacité immunogène de différents modes d'administration de vaccins à ADN codant pour 

des antigènes du PRRSV-1. 
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IV. Objectifs 
L'objectif général de ma thèse est d'évaluer l'efficacité du ciblage des antigènes vaccinaux 

vers les cellules présentatrices d'antigènes (APC), ainsi que l'effet du mode d'administration 

de vaccins protéiques et à ADN sur les réponses immunes chez le porc. Les antigènes 

vaccinaux sont des antigènes conservés des virus influenza et des PRRSV, qui visent à induire 

une protection large contre ces virus pour lesquels des variants viraux apparaissent 

constamment. 

 

Objectif 1 : 

Évaluer l'impact des voies d'injection d'antigènes conservés entre souches, dirigés ou 

non vers les APC, dans la protection contre le virus influenza chez le porc (article 1). 

Dans une première partie que je propose en préambule aux travaux principaux, j'ai 

évalué l'impact de la voie d'injection d'antigènes protéiques conservés, ciblés ou non vers les 

cellules dendritiques chez le porc. Il s’agissait d'un programme ANR-Blanc International avec 

le Mexique (2012-β016) ayant l’acronyme « DCskinVacFlu » dans lequel je fus très 

impliquée et dont je suis co-premier auteur d'un article publié (Bernelin-Cottet, Deloizy et al. 

2016). Le virus influenza est endémique en élevage porcin, et il induit des symptômes proches 

de ceux observés chez l'homme. Ce virus co-existe fréquemment avec le virus du PRRS dans 

les élevages. 

Objectif 2 : 

Évaluer l'efficacité de stratégies d’administration de vaccins à ADN et du ciblage des 

antigènes aux APC pour induire des réponses lymphocytaires T étendues, efficaces 

contre des souches hétérologues du PRRSV-1 (articles 2 à 4). 

Mon sujet principal de thèse est financé par le projet européen SAPHIR 

(Strengthening Animal Productions and Health through Immune Responses) coordonné par 

Isabelle Schwartz-Cornil dans le cadre du programme Horizon 2020 (2015-β01λ). L’objectif 

de SAPHIR est de développer des stratégies vaccinales innovantes contre différents agents 

pathogènes responsables de pertes économiques majeures dans les élevages porcins, bovins et 

avicoles. Il implique différents partenaires privés et publics (27 laboratoires), européens (12 

pays) et chinois de différentes disciplines (pathologistes, microbiologistes, économistes, 

sociologues, généticiens…). Au cours de ma thèse, j’ai pu interagir avec des partenaires 
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suisses, belges, hollandais, norvégiens, irlandais et espagnols et j'ai participé à toutes les 

réunions annuelles du consortium de 2016 à 2019. 

L'immunité protectrice contre le PRRSV implique des anticorps neutralisants qui sont 

dirigés contre des motifs antigéniques variables des protéines d'enveloppe et qui sont efficaces 

contre les souches homologues, mais peu efficaces contre les souches hétérologues, 

conduisant à un échappement vaccinal sur le terrain. Néanmoins, la plupart des nouvelles 

stratégies vaccinales sont conçues pour induire des anticorps neutralisants. Toutefois, 

l'immunité protectrice anti-PRRSV est également observée en absence d'anticorps 

neutralisants et la réponse lymphocytaire T est alors proposée comme étant impliquée dans la 

protection. En effet comme présenté dans l'introduction, des travaux indiquent que la réponse 

lymphocytaire T IFN  serait corrélée à la réduction de la charge virale. À la différence des 

anticorps neutralisants, les lymphocytes T effecteurs peuvent être dirigés contre des antigènes 

internes ou non structuraux, souvent plus conservés entre souches que les antigènes externes, 

et le récepteur T présente une certaine tolérance à la mutation d'épitopes, tant que la charge 

électrique et la forme globale des complexes CMH/peptides sont préservées. De plus, des 

protéines virales présentant des épitopes T conservés entre souches du PRRSV-1 ont été 

identifiées (nsp1 , RdRp, M, nsp5). Ainsi, nous avons cherché à développer un « T cell 

vaccine" en utilisant la stratégie de la vaccination à ADN, connue pour être particulièrement 

efficace dans l'induction de réponses lymphocytaires T. Nous avons cherché à optimiser la 

stratégie d’injection de ces vaccins à ADN ainsi que ciblage des antigènes vers les cellules 

dendritiques pour générer des réponses lymphocytaires T les plus élevées et étendues 

possibles (c'est-à-dire reconnaissant le maximum d'antigènes viraux) dans le but de générer un 

vaccin efficace en protection hétérologue chez le porc. Ainsi, trois sous-objectifs seront 

présentés sous forme de trois articles. 

 

Sous Objectif 1 : Optimisation de la stratégie d’administration des vaccins à ADN chez 

le porc pour induire des réponses lymphocytaires T. 

Sous Objectif 2 : Effet du ciblage des antigènes du PRRSV-1 aux APC sur les réponses 

immunes T et B induites par des vaccins à ADN, seuls ou associés à un vaccin atténué en 

prime-boost. 

Sous Objectif 3 : Évaluation de la protection hétérologue induite par la stratégie 

vaccinale la plus prometteuse identifiée dans les sous objectifs 1 et 2.  
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V. Résultats 

 

 

 

 

 

Article n°1 : « Un vaccin influenza universel peut 

conduire à une exacerbation de la maladie ou à un 

contrôle viral selon la voie d’injection» 
impact factor in 2016 : 6,429 
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Les virus influenza A sont responsables d’épidémies saisonnières et ils représentent 

une menace majeure liée au risque imprévisible de pandémie mondiale dues à des virus 

mutants et/ou réassortants susceptibles de passer de l’animal à l’homme. Les virus influenza 

affectent en particulier les oiseaux et le porc qui est sensible aux virus humains et aviaires, et 

est considéré comme un potentiel hôte de mixage. En β00λ, l’émergence de la souche 

influenza A H1N1 (H1N1pdm09), d'origine porcine, humaine et aviaire, entraîna une 

pandémie, mais les vaccins commercialisés ont montré une efficacité limitée. En raison des 

évolutions constantes des souches, dans le but de réduire le risque de transmission zoonotique 

et les coûts économiques de l'infection dans les industries porcines, le développement d’un 

vaccin universel est souhaitable. 

Dans cet article, nous avons essayé de développer un vaccin protéique avec des 

antigènes (AG) candidats conservés inter-souches, évalué chez le porc. Des protéines virales 

ont été fusionnées à la streptavidine (SA-AG) et exprimées en bactéries: la nucléoprotéine 

(SA-NP), l’ectodomaine de Mβ (SA-Mβe), la tige de l’hémagglutinine (SA-HA2) ou une 

chimère HA2-SA-M2e (Equipe de Peter Sebo, Pragues). Le vaccin protéique, grâce à la SA 

été combiné à un anticorps biotinylé, dirigé aux cellules présentatrices d'antigènes (APC), 

dans une stratégie d' « APC-targeting ». Nous avons choisi de cibler le CD11c, récepteur 

exprimé par les cellules dendritiques conventionnelles et par les monocytes/macrophages chez 

le porc. L’assemblage des SA-AG et les anticorps biotinylés est appelé vaccicomplexe (VC).  

Nous avons montré que les VC, assemblés extemporanément grâce à la liaison de haute 

affinité entre streptavidine et biotine (10-15M) interagissent avec les cellules CD11cpos de la 

peau de porc. Nous avons immunisé dans un premier temps 36 porcs âgés de 3 - 4 mois 

répartis en six groupes avec des VC ciblés au CD11c, des VC non ciblés (anticorps irrelevant 

de même isotype) et avec les SA-AG seuls, par la voie ID, en présence ou non de CpG, seul 

adjuvant de type ligand de TLR ayant été déja évalué chez le porc au préalable. Les adjuvants 

huileux ne semblaient pas souhaitables car ils perturbent le ciblage (montré par l'équipe). 

Nous avons observé l’induction de réponses humorales IgG anti-NP et anti-HA2 mais pas 

anti-M2e, et l'induction de réponses cellulaires IFN  anti-NP. Nous avons montré que le CpG 

apporte un bénéfice mineur dans nos conditions d’étude. Par contre, aucun bénéfice du 

ciblage au CD11c n'a été observé. Nous avions choisi d’immuniser par ID car le derme est 

riche en APC. Toutefois,  les protéines, ciblées ou non, injectées en grande quantité dans un 

petit volume dans le derme, ont pu être capturées efficacement par les APC résidentes, ne 

conférant ainsi pas davantage au ciblage. Nous avons donc immunisé dans un second temps 
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40 porcs âgés de 2 mois répartis en cinq groupes avec les VC SA-NP, SA-HA2 et SA-M2e, 

ciblés et non ciblés au CD11c, sans adjuvant. En effet, des études chez le singe avaient montré 

que l'adjuvant pouvait masquer le bénéfice de l'APC-targeting, et le CpG utilisé dans la 

première expérience ne s'était pas montré vraiment efficace. L’IM a induit une réponse 

humorale anti-M2e et HA2 plus forte que la voie ID, et a permis de montrer un avantage du 

ciblage au CD11c sur la  réponse cellulaire IFN  anti-NP, à la différence de la voie ID. De 

plus, suite au challenge par le virus souche H1N1pdm09, l'immunisation par voie IM a 

conduit à une diminution de l'expression des symptômes, avec réduction de l'excrétion virale 

dans les sécrétions nasales. L'immunisation par voie ID a conduit à une exacerbation de la 

maladie. Enfin nous avons montré que la réponse IgG anti-HA2, et à un moindre degré la 

réponse IgG anti-M2e, est corrélée à la protection, alors que les réponses anti-NP, cellulaire et 

humorale, ne le sont pas.  

Ainsi la méthode d’injection impacte sur les réponses immunitaires induites chez les 

porcs pouvant influer sur l'efficacité de l'APC-targeting, la réponse anticorps, la protection ou 

l'exacerbation de la maladie.  

Les immunisations et infections ont été réalisées dans la Plate-Forme d’Infection 

Expérimentale (PFIE) de Nouzilly en France. Dans ce travail, j'ai réalisé une partie 

desanalyses sérologiques et toute la partie des titrages viraux post-épreuve. 
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Edwige Bouguyon1, Céline Urien1, Olivier Boulesteix3, Jérémy Pezant3,  
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Isabelle Schwartz-Cornil1*
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The development of inluenza A virus (IAV) vaccines, which elicits cross-strain immunity 

against seasonal and pandemic viruses is a major public health goal. As pigs are sus-

ceptible to human, avian, and swine-adapted IAV, they would be key targets of so called 

universal IAV vaccines, for reducing both the zoonotic risk and the economic burden in 

the swine industry. They also are relevant preclinical models. However, vaccination with 

conserved IAV antigens (AGs) in pigs was reported to elicit disease exacerbation. In this 

study, we assessed whether delivery strategies, i.e., dendritic cell (DC) targeting by the 

intradermal (ID) or intramuscular (IM) routes, impact on the outcome of the vaccination 

with three conserved IAV AGs (M2e, NP, and HA2) in pigs. The AGs were addressed to 

CD11c by non-covalent binding to biotinylated anti-CD11c monoclonal antibody. The 

CD11c-targeted AGs given by the ID route exacerbated disease. Conversely, CD11c-

targeted NP injected by the IM route promoted T cell response compared to non-tar-

geted NP. Furthermore, the conserved IAV AGs injected by the IM route, independently 

of DC targeting, induced both a reduction of viral shedding and a broader IgG response 

as compared to the ID route. Our indings highlight in a relevant animal species that the 

route of vaccine delivery impacts on the protection induced by conserved IAV AGs and 

on vaccine adverse effects. Finally, our results indicate that HA2 stands as the most 

promising conserved IAV AG for universal vaccine development.

Keywords: dendritic cells, swine, inluenza, human, vaccine, routes of administration

Abbreviations: IAV, inluenza A virus; ADCC, antibody-dependent cell-mediated cytotoxicity; AG, antigen; SA–AG, antigen 
fused to streptavidin; APC, antigen-presenting cell; BAL, broncho-alveolar lavage; biot-mAb, biotinylated mAb; cDC, conven-
tional DCs; d0, day 0; dpc, day post challenge; dpv, day post vaccination; DC, dendritic cell; DMSO, dimethyl sulfoxide; FCS, 
fetal calf serum; HRP, horseradish peroxidase; ISC, isotype control; ID, intradermal; IM, intramuscular; mAb, monoclonal 
antibodies; pDC, plasmacytoid DC; VCs, vaccicomplexes; TMB, tetramethylbenzidine.
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inTrODUcTiOn

Inluenza A viruses (IAVs) are responsible of high morbidity and 
mortality in humans and animals worldwide. Due to constant 
emergence of antigenic drit variants or novel emerging subtypes, 
inluenza vaccines need to be updated annually. Vaccination 
with protective antigens (AGs) that are conserved across a broad 
array of viral variants could mitigate the risks of new pandemic 
outbreaks. hree conserved AGs could constitute, or be part of, 
the so called universal lu vaccines: the nucleoprotein NP, the M2e 
viroporin, and the HA2 stalk domain of the IAV hemagglutinin. 
NP is among the most important targets for host CD8+ T cells (1) 
and it was shown to aford protection against IAV when provided 
as a protein vaccine (2), a DNA vector (3), or encoded by heter-
ologous viral carriers (4). M2e is naturally poorly immunogenic 
in the viral particle. However, when presented in an immunogenic 
form to the immune system, the M2e AG induces protection via 
anti-M2e IgG that engage Fcγ receptors and antibody-dependent 
cell-mediated cytotoxicity (ADCC) (5, 6). Finally, immuniza-
tion with the HA2 triggered partial (7) or even full protective 
immunity (8, 9), also via ADCC mechanism. Most of these results 
with conserved IAV AG were generated in the mouse model, and 
promising results were also obtained in horses with NP (10) and 
in ferrets with M2e (6).

Pigs are susceptible to infection with human and avian 
adapted strains, as well as swine-adapted strains and are sup-
posed to be potential mixing vessels (11). Persons in contact 
with pigs may become infected with IAV and conversely, they 
may transmit human IAV to swine. Pigs are proposed to have 
been involved in the emergence of the pandemic strain of H1N1 
inluenza virus in 2009, as the progenitors of the viral genes had 
been circulating in pigs at least for 10 years before transmission 
to humans (12). Besides its zoonotic and public health impact, 
IAV is also responsible of high economical losses in the swine 
industry. hus, widening the immune protection of pig against 
IAV with universal vaccines is highly desirable. Pig and human 
develop similar lu symptoms upon IAV infection and share 
physiological, anatomical, and immunological properties, which 
justify pig as a relevant biomedical model to evaluate universal 
vaccines against IAV. Notably pigs vaccinated by the intrader-
mal (ID) route with DNA vaccines encoding for M2e and NP 
developed exacerbated disease following challenge (13), raising 
concerns about the safety of IAV universal vaccines in pigs and, 
potentially in humans.

Disease exacerbation by vaccines is a major issue encountered 
not only in the case of vaccination with conserved IAV AGs in 
pigs, but also observed with split IAV AGs given intranasally in 
mice with a TLR4 ligand (14) or for other infections, such as the 
respiratory syncytial virus in human (15). In these instances, 
as the initial AG presentation process has primed the host for 
detrimental responses, improving the initial AG presentation 
step could diferently shape the immune response and result in 
beneicial outcomes. In that respect, AG targeting to dendritic 
cell (DC) immunoreceptors has been largely documented to 
inluence the type and the magnitude of B and T cell immune 
responses (16, 17). he molecular DC targeting is usually 
achieved by endocytic receptor-speciic monoclonal antibodies 

(mAb) that are covalently linked, or complexed, with AGs. In 
addition to over 100 promising preclinical studies conducted in 
mice or in vitro using human cells (18), few in vivo reports suggest 
that DC targeting could also be beneicial in large mammals such 
as in non-human primates, cattle, and pigs (19). In addition, the 
anatomical site where the DC-targeted AG is delivered could also 
impact on the shaping of the immune response, given the tissue 
composition in DC and other interfering cell types and the local 
speciicity of the innate response.

In this work, we assessed whether the delivery of the three 
conserved IAV AG HA2, M2e, and NP by DC targeting in dif-
ferent anatomical sites could shape the immune response toward 
protective immunity and avoid disease exacerbation in pigs. We 
targeted the IAV AG to pig CD11c by generating tetramerized AG 
fusions to streptavidin that formed tight non-covalent complexes 
with biotinylated anti-pig CD11c, which we called vaccicom-
plexes (VCs) (20). his DC-strategy has been successfully used to 
target the ESAT-6 AG to several mouse immunoreceptors includ-
ing CD11c and induced signiicant protection against aerosol-
delivered Mycobacterium tuberculosis (21). We chose CD11c as 
it stands as a promising receptor for immunotargeting based on 
in vivo mouse studies and in vitro human studies, promoting B 
and especially T cell responses, including CD8+ T cell responses 
(21–24). We showed that CD11c is highly expressed on swine 
blood and skin DC and that its pattern of expression on myeloid 
cell subsets is more similar to the human than to the mouse one, 
thus making pig a good preclinical model for evaluation of the 
efect of CD11c targeting (25).

We successfully delivered the three conserved IAV AGs in 
DC-targeted and non-targeted forms by the ID and intramus-
cular (IM) routes. We found that the site of VC inoculation had 
a strong impact on the breadth of immune response and on the 
clinical and viral outcomes upon infection. he CD11c target-
ing in the ID route led to disease exacerbation and conversely 
the IM route, independently of CD11c targeting, favored the 
antibody response extent to all three AGs and the reduction of 
viral shedding.

MaTerials anD MeThODs

antibodies and adjuvant
he anti-porcine CD11c (anti-CD11c, 3A8 clone, IgG1) and an 
isotype control (ISC) mouse IgG1 (ISC, 3G8 clone, IgG1) have 
been generated by our laboratory and described in Ref. (25). he 
anti-M2e mAb (clone 14C2) was from Invitrogen (Carlsbad, CA, 
USA). Ainity-puriied polyclonal rabbit anti-NP IgG was pur-
chased from hermo-Scientiic, Rockford, IL, USA and ainity-
puriied polyclonal rabbit anti-HA2 IgG from Biorbyt (Cambridge, 
UK). Anti-MHC class II mouse mAb (anti-SLA-DR, MSA3 
clone, IgG2a) was purchased from Washington State University 
(USA). Alexa 647-conjugated goat anti-rabbit IgG, with minimal 
cross-reactivity against ruminant human and mouse proteins, 
was bought from Jackson ImmunoResearch Laboratories (West 
Grove, USA). Alexa 488-conjugated goat anti-mouse IgG1 and 
IgG2a, and Alexa 647-conjugated streptavidin (Invitrogen) were 
bought from hermo Fischer Scientiic. he mouse anti-swine 
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IFNγ capture mAb (clone pIFNγ) and the biotinylated anti-swine 
IFNγ (clone PAN) were bought from Mabtech (Nacka Strand, 
Sweden). he horseradish peroxidase (HRP)-conjugated goat 
anti-pig IgG Fc was from Bethyl Laboratories (Montgomery, 
AL, USA), the HRP-conjugated goat anti-rabbit IgG and HRP-
conjugated goat anti-mouse IgG were from KPL (Gaithersburg, 
USA). CpG oligo-dinucleotides (ggTGCGTCGACGCAGggggg) 
with lower case letters for phosphorothioate linkages and upper 
case letters for phosphodiester linkages previously shown to be 
eicient in pigs (26) were bought from Sigma.

streptavidin-Fused iaV ag, sDs-Page, 

and Western Blot
he open reading frames encoding inluenza AGs for NP, M2e, 
and HA2 from IAV sequences of the human A/PARIS/2590/2009 
(H1N1) pandemic virus were fused in frame to the 3′ end of 
a codon-optimized synthetic gene encoding residues 13–139 
of streptavidin from Streptomyces avidinii (see Figure  1A) 
(20). he entire coding sequence of the NP gene was PCR-
ampliied from the cDNA template using speciic primers NPfor 
(5′-TAGCTAGCACTAGTAGTGACATCGAAGCCATGG-3′) and 
NPrev (5′-TACTCGAGCTAGAATTCACTGTCATACTCCTCTG 
CAT-3′). Codon-optimized “Strings™ DNA Fragments” 
(hermo Fisher Scientiic) synthetic genes were used 
to clone the genes encoding residues 76–130 of HA2 
(RIENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSN 
VKNLYEKVRSQLKNNA), or encoding three consecutive copies of 
the M2e (3M2e) AG (SLLTEVETPTRSEWESRSSDSSDAAASLLT 
EVETPTRSEWESRSSDSSDAAASLLTEVETPTRSEWESRSSD 
SSDAAA) where cysteines 17 and 19 of the original sequence 
have been replaced by serine residues (underlined), to improve 
immunogenicity and avoid unwanted disulide bounds in the 
chimera, based on previously published works (27, 28). he 
sequence-conirmed AG fused to streptavidin (SA–AG) fusion 
proteins were produced in Escherichia coli Bl21 λDE3 at 37°C fol-
lowing IPTG induction (0.5 mM). he proteins were extracted by 
solubilization of washed inclusion bodies with 8 M urea in 50 mM 
Tris–Cl pH 8 (loading bufer) and the extracts were loaded onto 
DEAE Sepharose columns. Upon washing of the resin with 10 
bed volumes of the loading bufer, the proteins were eluted by a 
gradient of 2–250 mM NaCl in loading bufer. Fractions contain-
ing SA–AG proteins were pooled, diluted fourfold with 50 mM 
Tris–Cl pH 8, 1  M NaCl (TN bufer), and loaded onto Phenyl 
Sepharose columns equilibrated in TN bufer. he resin with 
bound proteins was washed with 10 bed volumes of the TN bufer 
and the endotoxin contamination was removed by washing with 
10 bed volumes of 60% of isopropanol in the TN bufer. Finally, 
the denatured monomeric SA–AG fusion proteins were eluted 
with 8 M urea in 50 mM Tris–Cl pH 8. he Phenyl Sepharose 
and endotoxin removal step was repeated once to reduce the 
amount of residual endotoxin below <800  EU/mg of SA–AG 
protein for all AGs. Puriied proteins were then dialyzed against 
50 mM ammonium carbonate pH 8.9 in order to form soluble and 
stable tetramers, as veriied by SDS-PAGE analysis (Figure 1B). 
he inal tetrameric forms of the SA–AG fusion proteins were 
stored at 4°C for several days or at −80°C for several months. 

Purity and long-term stability of the inal AGs were controlled 
using the Tris–Tricin SDS-PAGE gel separation with Coomassie 
staining (Figure 1B). Protein concentration was determined by 
the Bradford assay using BSA as calibration standard and tetra-
meric state of the SA–AG proteins was systematically veriied by 
SDS-PAGE before immunization. he antigenicity of the SA–AG 
was analyzed by Western blot ater under reducing conditions 
(Figure S1 in Supplementary Material). he M2e–nucleoprotein 
carrier from the respiratory syncytial virus was used as a positive 
control (28). Ater transfer onto nitrocellulose membrane, the 
blots were blocked in PBS 0.3% Tween 20 and 5% non-fat dry 
milk, and respectively, reacted with mAb anti-M2e (0.3 µg/ml), 
rabbit polyclonal IgG anti-NP (0.3  µg/ml), or anti-HA2 (5  µg/
ml), followed by washing and decoration with HRP-conjugated 
anti-mouse IgG (1/10,000) or HRP-conjugated anti-rabbit IgG 
(1/10,000), respectively. Control blots with irrelevant primary 
antibodies were performed to control for speciicity. Detection 
was performed using enhanced chemiluminescence kit (ECL, 
hermo Fischer).

recombinant nP Production
NP gene was cloned in the E. coli expression vector pET22b+ 
(Novagen) between the EcoRI and XhoI restriction sites, leading 
to the expression of C-terminal His6 fusion protein. he gene 
coding for NP A/PARIS/2590/2009 (H1N1) was ampliied with 
gene-speciic primers (sequences available upon request) using 
A/PARIS/2590 genetic reverse system plasmid as a template. 
he sequence of the gene was conirmed by nucleotide sequenc-
ing. Competent BL-21 Rosetta cells (Stratagene) transformed 
with the pET22-NP-HisTag plasmid were cultured to an A600 
of 0.6 in L medium. To express NP, the transformed cells were 
incubated overnight at 28°C in 1  mM isopropyl 1-thio-β-d-
galactopyranoside with agitation. NP puriication was puriied 
as previously described (29). Briely, ater centrifugation, the 
bacterial pellet was resuspended in the lysis bufer, incubated on 
ice for 1 h, sonicated, and treated with benzonase for 30 min at 
room temperature. he lysate was clariied by centrifugation for 
30 min at 10,000 × g at 4°C, and the supernatant was collected and 
loaded on a Hitrap-IMAC column using the AKTA Puriier-100 
FPLC chromatographic system (GE Healthcare). NP-His6 was 
puriied by IMAC-Ni2+ ainity chromatography followed by 
size-exclusion chromatography using a Superdex S200 column 
and Tris 20 mM pH7.4, NaCl 50 mM bufer. Ater puriication, 
the puriied protein were subjected to 12.5% SDS-PAGE analysis 
and detected by Coomassie brilliant blue staining. he puriied 
NP concentration was determined by the extinction coeicient 
ɛ = 57,691.31 M−1 cm−1 at 280 nm.

Biotinylated mab and Vcs Formation
Protein G-puriied anti-CD11c and ISC mAbs were biotinylated 
(2:1 ratio) using the EZ-Link Sulfo-NHS-LC kit (Pierce, Rockford, 
IL, USA). Free biotin was removed by dialysis and the antibody 
solutions in PBS were sterilized by iltration through 0.2  µm 
ilters. VC were allowed to form on ice 30  min before use, by 
incubating the biotinylated mAb (biot-anti-CD11c and biot-ISC) 
with a two times molar quantity of SA–AG.
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FigUre 1 | sDs-Page migration of tetrameric sa-ha2, sa-M2e, sa-nP, and ha2-sa-M2a proteins. (a) Schematic depiction of the various pET28b-AG 

fused to streptavidin (SA–AG) expression constructs. (B) SDS-PAGE analysis of the puriied soluble and heat-denatured (H) monomers of SA–AG fusion proteins of 

their native tetramers formed upon dialysis against 50 mM ammonium carbonate pH 8.9. The proteins were separated by Tris–Tricin SDS-PAGE and were visualized 

by Coomassie blue staining. The tetramers were disrupted by sample heating at 100°C for 5 min (H).
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Production of the inluenza  

challenge Virus
he human-derived A/PARIS/2590/2009 (H1N1) pandemic 
virus was provided by the National Inluenza Center (Northern-
France) at the Institut Pasteur, Paris. As previously described, the 
eight genomic segments of inluenza A/PARIS/2590/2009 (H1N1) 

were ampliied with gene-speciic primers and cloned into a bidi-
rectional transcription plasmid derived from pRF483 plasmid 
(30) to generate recombinant viruses. All plasmids’ inserts were 
veriied by nucleotide sequencing. he method used for produc-
tion of the recombinant A/PARIS/2590/2009 (H1N1) virus was 
adapted from previously described reverse genetics procedures 
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(31). Briely, a subconluent coculture of 293T and MDCK cells 
in a 35-mm dish was transfected with the eight pRF483 plasmids 
(0.5 μg of each), using 10 µl of Fugene HD transfection reagent 
(Roche). Ater 24 h of incubation at 37°C, the culture medium 
was removed, and the cells were further incubated for a 48-h 
period at 37°C in DMEM supplemented with a reduced 2% 
concentration of fetal calf serum (FCS). he eiciency of reverse 
genetics was evidenced by a virus-induced cytopathic efect on 
MDCK cells and further conirmed by titration on MDCK cells. 
he working stocks of the recombinant viruses were prepared by 
two successive ampliications in MDCK cells at a multiplicity of 
infection (MOI) of 10−3 for 3 days at 35°C in MEM. Virus titer 
was determined on MDCK cells using plaque assay procedure as 
previously described (28). he A/PARIS/2590/2009 (H1N1) viral 
production and titration was performed in the BSL3 facilities of 
the VIM-INRA laboratory in Jouy-en-Josas, France.

animals and immunization experiments
he animal experiments were approved by the French ethical 
committee #19, i.e., the Comité d’Éthique en Expérimentation 
Animale Val de Loire, under the number 00783.02 in accordance 
with national guidelines on animal use. he animal experi-
ments were done at the Plate-Forme d’Infection Expérimentale 
PFIE-INRA, Nouzilly, France, under the accreditation number 
for animal experimentation C37-175-3. he immunization and 
challenge parts were performed under A-BSL1 and A-BSL3 
containment, respectively. Large-white pigs were obtained from 
the INRA conventional breeding unit Unité Expérimentale de 
Physiologie Animale de l’Orfrasière PAO-INRA, Nouzilly, France.

In the case of experiment 1, pigs (3–4  months of age) were 
randomly assigned into six groups of six pigs each (half males, 
half females). Half of the groups received the protein vaccines 
only, and the other half received the protein vaccines plus CpG 
(500 µg per injection) at day 0 (d0) and 30 days post irst vaccina-
tion (dpv), via the ID route, in the inguinal area, under general 
anesthesia (2 mg/kg xylazine and 10 mg/kg ketamine en IM). he 
protein vaccine groups include the following: (i) one group vacci-
nated with CD11c-VC-NP (let side) and CD11c-VC-HA2-M2e 
(right side), (ii) one group vaccinated with ISC-VC-NP (let side) 
and ISC-VC-HA2-M2e (right side), and (iii) one group with the 
uncomplexed SA-NP (let side) and HA2-SA-M2e (right side). 
he VC were preformed for 1 h at 4°C and each pig dose included 
50 µg biot-mAb and SA–AG at a 2 M ratio, i.e., 195 µg SA-NP and 
100 µg HA2-SA-M2e in a 400 µl volume. he same amounts of 
uncomplexed SA–AG in a 400 µl volume were used in the cor-
responding group. Four 100 µl ID spots were injected per vaccine 
type. Serum samples were collected by jugular venipuncture at 
d0 and 55 dpv. Pigs were euthanized 55 dpv, and the spleen cells 
were harvested. In the course of the experiment, one pig died 
post anesthesia, in the CD11c-VC + CpG group and one in the 
ISC-VC + CpG group.

In the case of experiment 2, pigs (2  months of age, mix 
of males and females) were assigned in ive groups of eight or 
nine animals. One group remained non-vaccinated (eight pigs). 
Two groups received CD11c-VC-NP (let side) and CD11c-
VC-HA2  +  CD11c-VC-M2e (right side) either ID (eight pigs) 
or intramuscularly (IM, nine pigs) at d0 and 50 dpv. Two other 

groups received IS-VC-NP (let side) and ISC-VC-HA2 + ISC-
VC-M2e (right side) either ID (eight pigs) or IM (nine pigs). In 
that case, the VC dose included 50 µg biot-mAb and SA–AG at a 
2 M ratio, i.e., 195 µg SA-NP, 85 µg SA-M2e and 81 µg SA-HA2 in 
a 400 µl volume. Serum was collected at d0 and 75 dpv.

Viral challenge
At 75  dpv in experiment 2, pigs were anesthetized and were 
challenged by the intratracheal route with 6 × 106 PFU pandemic 
(H1N1) 2009 virus in 5 ml RPMI in the A-BSL3 facilities of the 
PFIE-INRA facilities in Nouzilly, France. Appropriate equipment 
was used to protect the personal (ventilated helmets, protective 
coverall clothing, gloves, and safety shoes). Nasal swabs were col-
lected daily from day 0 to 8 post challenge (dpc) in 500 µl RPMI 
and immediately frozen at −80°C. Body temperature was moni-
tored by sensor chips placed under supericial skin muscle. Pigs 
were examined daily and monitored for dyspnea, coughing, nasal 
discharge, and conjunctivitis. he last two symptoms were the 
most frequently observed. As there were no obvious diferences 
in symptom intensities across pigs, we established daily clinical 
scores by the number of observed symptoms over 8  dpc. he 
global clinical scores correspond to the sum of the daily clinical 
scores over the 2–8 dpc period.

Virus Titration
he nasal swab samples were thawed and vortexed for 15  s, 
centrifuged for 10 min at 600 × g and 100 µl of supernatant were 
titrated by 10-fold dilutions using plaque assays in MDCK cells 
at 37°C as described (32).

ab elisa
Individual pig sera were assayed for NP, HA2, and M2e-speciic 
IgG by ELISA. Microtiter plates (Immulon 2HB; hermo 
LabSystems) were coated overnight at 4°C with 200 ng peptide 
(M2e, HA2) or 200 ng recombinant NP per well in 100 µl of PBS. 
Plates were saturated with 5% FCS in PBS—0.05% Tween 20 for 
1  h at 37°C. Samples were threefold serially diluted starting at 
1:30 and were incubated for 2 h at 37°C. AG-bound antibodies 
were detected using HRP-conjugated goat anti-pig IgG Fc (Bethyl 
Laboratories, Montgomery, AL, USA) at 10  ng/ml, incubated 
for 1 h at 37°C. ULTRA-tetramethylbenzidine substrate (TMB, 
hermo-Scientiic) was used for the HA2 and M2e ELISA, and 
regular TMB for the NP ELISA. Absorbance was measured at 
450  nm and the results were expressed as endpoint antibody 
titers, calculated by regression analysis plotting dilution versus 
A450. Endpoint titers were calculated as the highest dilution giving 
twice the absorbance of the negative control.

isolation of PBMc, splenocytes,  

Migrated cells from skin explants,  

and alveolar Macrophages
Pig blood was collected on 1.3 M citrate and mononuclear cells 
were isolated on Ficoll-Hypaque density gradient (Amersham 
Bioscience) and used fresh. Spleen cells were isolated by 
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mechanical dissociation followed by iltration on successive 
500 µm and 100 µm mesh-sized nylon ilters and centrifugation 
on Ficoll-Hypaque density gradient. Spleen cells were step frozen 
in FCS + 10% dimethyl sulfoxide (DMSO) and stored in liquid 
nitrogen. Migrated cells from pig skin explants were obtained 
from 24 punch biopsies (8 mm), which were loated for 24 h on 
10 ml RPMI 1640 medium + 10% FCS and antibiotics. Migrated 
cells were collected ater loading on a 100 µm mesh-sized nylon 
ilter and used fresh. Alveolar macrophages were collected as 
described, step frozen in FCS + 10% DMSO, and stored in liquid 
nitrogen (33). Broncho-alveolar lavage (BAL) was performed 
twice on isolated let lung with 250 ml PBS + 2 mM EDTA and 
the collected cells were step frozen and stored in liquid nitrogen.

Flow cytometry
Pig BAL cells or migrated cells from pig skin biopsies were incu-
bated for 30 min on ice in saturation bufer made of PBS supple-
mented with 5% horse serum and 5% swine serum. For analysis 
of biot-anti-CD11c binding on BAL cells, biot-anti-CD11c and 
biot-ISC were used at 2 µg/ml followed by Alexa 647-conjugated 
streptavidin. For labeling with VC, VC were irst made on ice, and 
VC corresponding to 1.5 µg/ml biot-mAb + 6 µg/ml SA-NP were 
added on the cells for 30 min. he cells were then washed and 
successively incubated with rabbit anti-NP IgG and anti-MHC 
class 2 (anti-SLA-DR, MSA3 mAb, IgG2a, 2 µg/ml) and followed 
by highly speciic Alexa 647-conjugated goat anti-rabbit IgG  
(10  µg/ml) and Alexa 488-conjugated goat anti-mouse IgG2a 
(2  µg/ml). Dead cells were excluded by DAPI labeling. Flow 
cytometry acquisition was done with a Becton Dickinson 
Fortessa Flow cytometer and the acquired data were analyzed 
using FlowJo sotware (version X.0.6, Tree Star).

T-cell restimulation with recombinant nP
In experiment 1, spleen cells were thawed from frozen stocks and 
dead cells were removed on optiprep gradient. In experiment 2, 
PBMC were used fresh. In both cases, cells were resuspended at 
a 10  ×  106  cells/ml concentration in X-vivo medium (Ozyme, 
Saint-Quentin-en-Yvelines, France) supplemented with 2% FCS 
and penicillin/streptomycin and cultured in 96-well plates for 
72 h either in medium alone, with 25 µg/ml ConA or with 3 µg/
ml recombinant NP.

iFnγ elisa
he culture supernatants from the T cell restimulation assay were 
tested as duplicates in a IFNγ swine ELISA as recommended by 
the supplier (Mabtech), using 2 µg/ml capture mAb, 0.5 µg/ml 
biot-anti-IFNγ and 0.5  µg/ml HRP–streptavidin. Regular TMB 
was obtained in experiment 1 and ULTRA-TMB in experi-
ment 2. he OD values were obtained at 450 nm. he net OD 
values were calculated as (mean of the OD from duplicated 
wells + NP) − (mean of the OD from duplicated wells in plain 
medium).

statistical analyses
Data were analyzed with the GraphPad Prism 5.0 sotware. Paired 
t-tests were used for comparison of antibody responses between 

0 and 55  dpv in experiment 1. A one-way analysis of variance 
(ANOVA) followed by Dunnett’s post-test was used for compari-
son of vaccinated groups against control non-vaccinated group. 
he correlation analysis between viral shedding and antibody 
response was done bilateral Spearman test. he principal com-
ponent analysis (PCA) was done with 12 factors, including viral 
shedding at 3, 4, 5, 6 dpc, global clinical scores, T cell response at 
70 dpv, anti-HA2, anti-M2e, anti-NP Ab response on the day of 
the challenge, and at 5 dpc. Antibody and viral titer data were log 
transformed. PCA graphics has been produced using FactoMineR 
R package (http://factominer.free.fr/).

resUlTs

generation of Vcs for Targeting 

conserved iaV ag to swine Dc
In order to obtain non-covalent complexes of the AGs with the 
targeting anti-CD11c antibody, we produced SA–AG protein 
fusions, where the conserved IAV AG, e.g., NP, three repeated 
copies of the M2e (3M2e) or the HA2 stem segment were fused 
to the tetramerizing core of SA, as schematically depicted in 
Figure 1A. Tetrameric forms of puriied SA–AG fusion proteins 
bind biotin-conjugated antibodies to form VC due to the very 
high ainity of binding interaction between biotin and tetrameric 
SA (Kd 10−15 M). An additional bi-antigenic chimera was next 
generated by genetically fusing the HA2 AG to the N-terminal 
and the 3M2e AG to the C-terminal ends of SA, respectively, to 
yield HA2-SA-3M2e construct, as depicted in Figure  1A. All 
SA–AG fusions proteins (SA-HA2, SA-M2e, SA-NP, and the 
HA2-SA-M2e chimera) were puriied close to homogeneity by 
combination of ion exchange and hydrophobic chromatography. 
As shown in Figure  1B, the dialyzed SA–AG fusion proteins 
formed stable tetramers that were stable in SDS-PAGE, unless 
heat-denatured (H) prior to loading. he four SA–AG fusion 
constructs were recognized by the speciic antibodies directed to 
IAV AGs in Western blot (Figure S1 in Supplementary Material), 
supporting their expected antigenicity.

We have previously developed an anti-pig CD11c mAb 
(3A8 clone) and we showed that it reacts with swine myeloid 
cells in blood and in skin, and preferentially with conven-
tional dendritic cells (cDC) of the cDC2 type and monocyte/
macrophages (25). We reasoned that this mAb is suitable for 
targeting DC with VC in swine. he anti-CD11c and ISC mAb 
were biotinylated (CD11c-biot and ISC-biot) and the binding 
of CD11c-biot on alveolar macrophages was conirmed by 
Alexa 647-SA (Figure  2A). Preformed CD11c-VC-NP dem-
onstrated a superior binding to both alveolar macrophages or 
DCs and macrophages from skin as compared to ISC-VC-NP 
(Figures 2A,B). hus the VC strategy allows targeting of IAV 
AG to CD11c on DC in the pig.

immunogenicity of Vc Delivering 

conserved iaV ag upon iD  

and iM inoculation
As the dermis is rich in CD11c+ DC capable to bind targeted 
VC, we irst decided to inject the CD11c-VC, ISC-VC, and the 
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FigUre 2 | Binding of cD11c-Vc on pig alveolar macrophages and 

skin dendritic cell (Dc). (a) Binding of CD11c-VC on pig alveolar 

macrophages. Left panel: broncho-alveolar lavage (BAL) cells were incubated 

with biot-CD11c monoclonal antibodies (mAb) or biot-isotype control (ISC) 

followed by Alexa 647-conjugated streptavidin; SSChigh FCShigh cells (mostly 

macrophages) were gated and the luorescent signals were analyzed 

(biot-CD11c mAb, plain line versus biot-ISC mAb, illed gray). Right panel: 

BAL cells were incubated with preformed CD11c-VC and ISC-VCn followed 

by anti-NP rabbit IgG + anti-MHC class II mAb, and Alexa 647-conjugated 

anti-rabbit + Alexa 488-conjugated anti-mouse IgG2a secondary Ab. After 

gating the MHC2 class II+ cells (alveolar macrophages), the anti-NP 

luorescent signals obtained with biot-CD11c (plain line) or biot-ISC mAb 

(illed gray) are shown. (B) Binding of CD11c-VC on pig skin-migrated DC. 

Migrated cells from skin explants were collected and incubated as in (a). Live 

(DAPI negative) and MHC class II positive cells were gated and the anti-NP 

luorescent signals obtained with biot-CD11c (plain line) or biot-ISC mAb 

(illed gray) are depicted.
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uncomplexed SA–AG intradermally in pigs (experiment 1). 
he SA–AG were SA-NP and the HA2-SA-M2e chimera (see 
Materials and Methods). We also tested the beneit of adding 
an adjuvant to activate the targeted DC. Mineral or organic 
adjuvants may interfere with DC targeting, as we observed with 
the squalene-type of adjuvant (data not shown). hus addition 
of a TLR ligand was evaluated. To the best of our knowledge, 
the only TLR ligands showing in  vivo adjuvant properties in 
pigs are CpG oligo-dinucleotides (26). We thus added 500 µg 
CpG to VC and uncomplexed SA–AG in half of the immunized 
pigs. he animals were from a conventional breeding unit and 
thus had signiicant levels of preexisting Ab against NP and 
HA2 at the time of vaccination, in line with the fact that a large 
fraction of the pig population is immune to inluenza (34) 
(Figures 3A–C). All vaccine regimens signiicantly increased 
the anti-NP and anti-HA2 IgG levels measured at 55  dpv 
relatively to d0 (p < 0.02 and 0.05, respectively, paired bilateral 

t-test), but not the anti-M2e levels (Figures 3A–C). CpG slightly 
but signiicantly improved the anti-NP IgG response and had 
marginal efect on the anti-HA2 IgG response (Figures 3A–C). 
CD11c-VC, ISC-VC, and the uncomplexed SA–AG yielded 
similar eicacy on the antibody response, whether CpG was 
included or not. here was no diferences on the IFNγ response 
of splenic T cells to NP restimulation at 55 dpv between the dif-
ferent vaccinated groups (Figure 3D). here was no correlation 
between the preexisting anti-NP and anti-HA2 IgG levels and 
the measured B and T cell responses to VC and uncomplexed 
SA–AG, suggesting that preexisting Ab did not interfere on 
these responses (Figure S2 in Supplementary Material). hus 
in our conditions, VC and uncomplexed SA–AG stimulated 
B and T cell response against NP and HA2 in pigs; however, 
CD11c targeting did not improve immunogenicity upon ID 
inoculation.

Since untargeted VC and SA–AG injected in the dermis 
may already be eiciently captured by the rich network of local 
DC, the additional targeting to CD11c does not necessarily 
provide any advantage at the capture step. We thus compared 
the immunogenicity of VC injected by ID and IM routes in 
experiment 2, at the end of which pigs were challenged with 
pandemic (H1N1) 2009 virus. Given the very high cost and 
logistics issues of such type of large animal experiments, the 
comparisons of every potential immunogen and routes of 
immunization were not feasible and we had to select a limited 
set of vaccine regimens. herefore, we decided to compare the 
immunogenicity of CD11c-VC and ISC-VC delivered by the IM 
and ID routes without the use of adjuvant, because (i) avoiding 
adjuvant is seen as one of interesting aspects of the DC-targeting 
approach and (ii) adjuvant can mask the DC-targeting efect 
(35). Furthermore CpG showed only minor efect on immune 
response in experiment 1. We also excluded uncomplexed 
SA–AG which did not show any immunogenicity diference 
with VC in experiment 1. As we did not observe Ab responses 
to M2e in experiment 1, where the HA2-SA-M2e chimera were 
used, we chose to generate VC where SA-HA2 and SA-M2e were 
separated, in case that the M2e-antigenic motives had been bur-
ied in the HA2-SA-M2e chimera. In this experiment, we also 
included a group of unvaccinated pigs (control) and we analyzed 
the Ab response to VC by comparison with this group. he vac-
cinated pigs presented higher levels of anti-NP IgG at 75  dpv 
compared to control pigs (Figure 4A). Only pigs injected with 
VC via the IM route presented signiicant levels of anti-HA2 IgG 
compared to control pigs (Figure  4B); in addition, three pigs 
in the CD11-VC and ISC-VC groups injected by the IM route 
developed anti-M2e titers above 100 (Figure 4C), which had not 
been obtained by the ID administration of either experiment 1 
and 2. he IFNγ response of fresh PBMC collected at 70  dpv 
to NP was not statistically diferent between the CD11c-VC 
and the ISC-VC group vaccinated by the ID route (Figure 4D) 
but it was signiicantly higher in the CD11c-VC versus ISC-VC 
group vaccinated by the IM route (p = 0.01, Figure 4D). Due 
to time and efort constraints, we have not measured the T cell 
response in the control pigs. here again no correlation was 
found between preexisting levels of anti-HA2 and NP IgG and 
the measured immune responses (data not shown). hus the IM 
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FigUre 3 | ab and T cell responses induced by vaccicomplexes (Vcs) upon intradermal (iD) inoculation with and without cpg. Pigs from experiment 1 

were immunized intradermally with CD11c-VC-NP and CD11c-VC-HA2-M2e (designated as CD11c on the igure), isotype control (ISC)-VC-NP and ISC-VC-HA2-

M2e (designated as ISC), and uncomplexed AG fused to streptavidin (designated as AG) at 0 and 30 dpv, with or without CpG (500 µg). The anti-NP, HA2, and M2e 

IgG titers are shown in (a–c), respectively, at 0 and 55 dpv. In (D), the T cell response was assessed by restimulating spleen cells (at 55 dpv) with recombinant NP 

for 3 days and measuring released IFNγ by ELISA. As recombinant standard was not used, only OD are provided. Each dot corresponds to individual pig values. 

Means and SEM are shown. Statistical signiicance between the Ab response at 55 dpv versus d0 was calculated with paired bilateral t-tests and signiicance was 

always found in the case of anti-NP (p < 0.02), and anti-HA2 IgG (p < 0.05). Comparison between vaccinated groups at 55 dpv was done with a one-way ANOVA 

and a Newman–Keuls multiple comparison test, and signiicance is shown (**p < 0.01, *p < 0.05).
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route triggered a broader response to the conserved IAV AG than 
the ID route, and presented an advantage to the CD11c-targeted 
VC for promoting T cell response which was not observed in 
the ID route.

induction of Partial Viral Protection with 

Vc inoculated iM and induction of Disease 

exacerbation with Vc inoculated iD
Pigs from experiment 2 were challenged with pandemic (H1N1) 
2009 by the intratracheal route at 75  dpv. All pigs showed a 
temperature peak at 1 dpc without diferences between groups 
(data not shown). Symptoms were mild in the control group and 

were expressed as nasal or oral discharges and conjunctivitis 
(Figure 5), in agreement with other studies (36). Whereas vac-
cinated pigs by the IM route showed a tendency to express less 
symptoms with a shorter duration than the controls, the groups 
vaccinated intradermally with CD11c-VC, presented disease 
exacerbation (Figure  5; Figure S3 in Supplementary Material). 
Virus was detected in nasal swabs in all pigs between 3 and 5 dpc 
and was not detected at day 8 (Figure 5). Interestingly, most pigs 
vaccinated by the IM route did not shed virus at 6 dpc whereas 
the pigs in the control and in the ID vaccinated group still did 
(Figure  5). hese results indicate that the immune response 
triggered by VC injected via the IM route afects viral shedding 
duration, whereas the immune response triggered by CD11c-VC 
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FigUre 4 | ab and T cell responses induced by vaccicomplexes (Vcs) upon intradermal (iD) and intramuscular (iM) inoculation without adjuvant. 

Pigs from experiment 2 were immunized either by ID or IM routes, with CD11c-VC-NP + CD11c-VC-HA2 + CD11c-VC-M2e (designated as CD11c), or isotype 

control (ISC)-VC-NP + ISC-VC-HA2 + ISC-VC-M2e (designated as ISC) at 0 and 50 dpv. The anti-NP, HA2, and M2e IgG titers are shown in (a–c), respectively, at 

0 and 75 dpv. In (D), the T cell response was assessed by restimulating fresh PBMCs collected at 70 dpv with recombinant NP for 3 days and measuring released 

IFNγ by ELISA. As recombinant standard was not used, only DO are provided. Each dot corresponds to individual pig values. Means and SEM are shown. 

Comparison between vaccinated groups and the control non-vaccinated group was done with a one-way ANOVA and a Dunnett’s comparison test, and signiicance 

is shown (***p < 0.001, **p < 0.01, *p < 0.05).
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injected via the ID route is detrimental on clinical symptoms 
upon challenge.

reduction of Viral shedding correlates 

with anti-ha2 and anti-M2e igg 

responses and not with anti-nP 

responses induced by Vc
We used PCA to identify the result variables that were responsible 
for the variation of the data across vaccinated pigs. he variables 
included viral shedding at 3–6 dpc, global clinical scores, IgG titers 
at 75 dpv and 5 dpc, and T cell response at 70 dpv. As depicted in 
Figure 6A, the route of inoculation (PC1) contributes to 28.9% of 
the variation between pigs. Figure 6B shows the PCA loading for 
each variable and indicates that viral shedding at 6 dpc opposes 
to anti-HA2 and anti-M2e IgG levels at the day of challenge and 
5 dpc with anti-HA2 at the day of challenge having the highest 
weight. A two-tailed Spearman test between the viral shedding at 
6 dpc and anti-HA2, anti-M2e, and anti-NP at 75 dpv and 5 dpc 
conirmed that viral shedding at 6 dpc was anti-correlated mainly 
with anti-HA2 (r = −0.7, p < 0.001 at 75 dpv and r = −0.5 at 

5 dpc, p < 0.01) and less so with anti-M2e (r = −0.37 at 75 dpv 
and −0.33 at 5 dpc, p < 0.05) and did not anti-correlate with anti-
NP IgG response (Figure S4 in Supplementary Material). Overall 
our data analysis conirms that the route of VC inoculation has a 
dominant impact on the outcome of the immune response, and 
indicates that HA2 stalk stands as the most promising conserved 
IAV AG for the design of universal vaccine.

DiscUssiOn

Our results reveal that vaccination with conserved IAV AGs can 
induce disease exacerbation in the pig model, supporting the ini-
tial observation obtained with NP and M2e-based DNA vaccines 
(13). Whereas we aimed at preventing this detrimental efect with 
DC targeting, on the contrary we found that CD11c-targeting 
promoted disease exacerbation when injected ID. Conversely 
partial viral protection was obtained when the IAV AGs were 
delivered by the IM and not the ID route, independently of DC 
targeting. Despite that higher T cell response was obtained with 
CD11c targeting in the IM route, it did not translate in better 
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FigUre 5 | clinical symptoms (a) and viral detection (B) in nasal swabs of pigs immunized with vaccicomplexes. Pigs from experiment 2 (see Figure 4) 

were challenged by the intratracheal route with pandemic (H1N1) 2009. (a) Clinical symptoms, i.e., nasal discharge or conjunctivitis, monitored for each pig from 2 

to 8 dpc are reported with a color code, with one symptom in orange, two symptoms in red. Pigs are designated by their breeding number and presented in their 

assigned groups under the gray tag. (B) Viral detection in nasal swab was done daily for each pig from 3 to 8 dpc using plaque assay. PFU/ml superiors to 105, 104, 

103, and 102 are represented by a color code from dark red to yellow, respectively. A white rectangle corresponds to absence of detected virus.
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protection. Finally, viral clearance correlated with anti-HA2 and 
M2e IgG levels and not with anti-NP IgG levels.

he IM route revealed to be more suitable than the ID route to 
induce the desired immunity in our setting and to observe a ben-
eit of CD11c targeting on the T cell response. To our knowledge, 
previous reports on DC targeting of protein vaccines utilized 
mainly the intravenous route, less oten the subcutaneous, the 

intranasal and the IM routes, and rarely the ID route (19). We 
speculated that the high bolus of AG in the small and conined 
ID compartment would favor the capture by the local DC, thus 
not ofering advantage to CD11c targeting. Furthermore, the ID 
route is reactogenic and triggers rapid local inlammation, which 
could result in rapid AG degradation by the recruited myeloid 
cells (neutrophils, monocytes) that could explain the lack of 
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FigUre 6 | Principal component analysis (Pca) analysis of the viral 

shedding and immune responses of vaccicomplexes (Vcs)-

vaccinated pigs. (a) PCA plot of the responses of pigs is depicted with 

each pig represented as a dot in a speciic color according to its group 

assignment: CD11c-VC intradermal (ID-CD11c, blue), isotype control 

(ISC)-VC intradermal (ID-ISC, red), CD11c-VC intramuscular (IM-CD11c, 

green), ISC-VC intramuscular (IM-ISC, black). PC1 explained 28.9% of the 

total variation between pigs and PC2 explained a further 17.71% of the 

variation. (B) PCA loading for each individual input variable: viral shedding at 

3, 4, 5, 6 dpc (VS-D3, VS-D4, VS-D5, VS-D6), global clinical symptoms over 

2–8 dpv (Clinic), T cell response at 70 dpv (T-cell), anti-HA2, anti-M2e, 

anti-NP Ab response on the day of the challenge (HA2-D0, M2e-D0, NP-D0) 

and at 5 dpc (HA2-D5, M2e-D5, NP-D5). Note that the day of challenge (D0 

in Figure 6) corresponds to 75 dpv in Figure 4.
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response to VC-HA2 and VC-M2e injected ID in experiment 
2. Furthermore, the reactogenicity of the ID site may provide 
a priming milieu for subsequent detrimental response upon 
IAV exposure. Indeed, CRX-601 TLR4-L combined with split-
inluenza AG administered by the intranasal routes and not 
by the subcutaneous route, induced disease exacerbation ater 
challenge with IAV (14). Expansion of vaccine-primed h17 cells 
was responsible of the increased morbidity. We indeed observed 

a local inlammation ater VC and uncomplexed SA–AG upon 
ID administration, which disappeared ater 4–5 days. he endo-
toxin levels per injection were below 150 EU, which is below the 
accepted endotoxin limit in humans (37); nevertheless, endotox-
ins may have contributed to the local response and possibly to the 
deleterious priming.

We chose to target DC with an in-house developed mAb 
to swine CD11c as previous successful CD11c targeting was 
achieved in vivo in mice (23, 24, 38, 39) and in vitro in humans 
(40). In addition, the pattern of CD11c expression on pig skin 
and blood myeloid cell subsets whose organization aligns across 
species (41–43), is closer to the human than to the mouse one, 
making pig a pertinent preclinical model to evaluate this type 
of targeting. Indeed, CD11c shows a higher expression on cDC2 
than on cDC1 and is highly expressed on skin monocyte-derived 
cells in the pig and human (25, 44) and not in the mouse (45). 
Consequently, when injected in pigs, VC were not uniquely 
targeted to cDC, which are the most potent AG-presenting cells 
and could have even been targeted to counterproductive cells, 
for instance monocyte-derived cells or even granulocytes. he 
variation in targeting selectivity across species might explain 
outcome diferences of DC-targeting strategies between mice 
and large mammals (19). hus more selective immunoreceptors 
could reveal to be better targets, such as XCR1 which is specii-
cally expressed on cDC1 in all mammalian species investigated 
so far and for which we recently validated a suitable targeting 
tool (25). Mouse and human studies demonstrated that CLEC9A, 
which is expressed on cDC1 and plasmacytoid DC (pDC) (46), 
and CLEC10A, which is expressed on cDC2 and monocyte-
derived DC (17), are promising molecular targets for DC target-
ing. However, pig do not seem to possess a functional CLEC9A 
gene and, despite the existence of a putative swine CLEC10A 
coding sequence, we were unable to identify a corresponding 
mRNA nor to show any speciic interaction of pig skin DC with 
Tn-glycopeptide, the ligand of CLEC10A in other mammals 
(unpublished data). Indeed, the selection of the immunoreceptor 
is key for the success of immunotargeting, but despite intensive 
research, the requested criteria for improved responses have not 
yet been identiied (47). It is assumed that both the DC subtype 
and/or the endosomal compartment of AG routing consecutive to 
targeting are important parameters as receptor expression level, 
proportion of surface turnover, and speed of receptor internaliza-
tion do not impact on AG presentation eiciency (47).

he VC strategy with SA–AG and biot-mAb has the great 
advantage of being simple and versatile (21). However, this 
approach presents potential caveats. First, the biotinylation and 
the large tetramerised AGs may interfere with the interaction 
between the Ab and its targeted immunoreceptor. he used 
mouse IgG1 could be intrinsically immunogenic or lead to 
immune competition with the vaccine AG as well as interact 
with the pig Fc receptors. We measured anti-mouse IgG-pig IgG 
by ELISA in the pig serum of the experiment 1 and found low 
titers (200 ± 186 in all vaccinated pigs, without diference across 
groups). Finally, it should also be stressed that the inluenza AG 
delivered by our VCs are most likely not in their native conforma-
tion. he native M2 is tetrameric while native HA2 is trimeric in 
the viral particles (48, 49). However, several reports, including 
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work from our research groups, have shown that non-tetrameric 
M2e and non-trimeric HA2 AGs can also elicit antibodies that are 
protective against a viral challenge (8, 27, 28, 50). Importantly, the 
mechanism of protection induced by such non-native M2e and 
HA2 structures was shown to involve ADCC (9, 51) and not the 
classical neutralization by antibodies. he conformation required 
to elicit antibodies against HA2 and M2e that are eicient in 
ADCC has not been determined to our knowledge. Nevertheless, 
it remains very possible that the non-native conformation of 
the inluenza AG in the VCs accounts for the limited protective 
immunity achieved here.

Many preclinical and clinical studies concluded on the 
requirement to activate DC together with immunotargeting in 
order to achieve optimal response. CD40L and TLR ligands have 
been largely used for that purpose, including CpG in mouse 
models (16). However in the mouse, both pDC and cDC respond 
to TLR9 stimulation whereas in human, only pDC express 
TLR9 (52). A very recent study in pigs show that although cDC 
and monocyte-derived DC express TLR9 mRNA, they do not 
upregulate cytokine nor costimulatory molecule expression upon 
exposure to CpG, unless cocultured with pDC (53, 54). As the 
skin does not contain pDC at steady state (55), it may explain 
the low adjuvant efect of CpG given by the ID route. We decided 
to perform experiment 2 without adjuvant, because (i) avoiding 
adjuvants would be a major advantage in clinical applications 
of DC targeting, (ii) there are several examples of improved 
immune responses to DC-targeted AGs delivered in the absence 
of adjuvants (18, 56) and speciically in the case of CD11c (22, 
57), and (iii) adjuvant did masked the efect of DC targeting in 
macaques (35). However, adjuvants could be beneicial to pro-
mote the B and T cell responses induced by VC in the IM route. 
Furthermore the reduction of viral shedding—certainly limited 
in this study—correlated with the anti-HA2 and M2e IgG levels 
induced by VC, encouraging the use of these AGs for universal 
IAV vaccine development in the pig as a pertinent animal model. 
We think that the anti-HA2 and anti-M2e Ab levels could be 
much further increased and achieve better viral protection, if VC 
would be combined with suitable adjuvants. Strong eforts should 
be pursued to identify non-mineral/non-organic adjuvants and 
their formulation for the pigs.

Preclinical development of universal IAV vaccines have been 
largely assessed using inluenza-naive small animal models. 
However, vaccination strategies are inluenced by preexisting 
inluenza-speciic immunity (58, 59). In the present study with 
conventional pigs, the animals presented preexisting levels of 
anti-NP and HA2 Ab, as it is very oten the case in natural ield 
condition. hese Ab can either result from passive immunity 

with maternal transfer or active immunity in case of exposure to 
the virus, which is not easy to analyze a posteriori. In any event, 
we did not observe a negative correlation between the levels of 
preexisting Ab and the vaccine-induced Ab or T cell responses, 
indicating that immunization with conserved IAV AG in VC did 
not appear to be afected by preexisting Ab.

Our indings have important implication in the vaccinology 
ield. Indeed, we showed that the ID route, despite being rich 
in DC, was not suitable to induce the desired immunity with 
our DC-targeted strategy. Worst, the ID route led to disease 
exacerbation. Conversely in contrast with the ID route, the IM 
route permitted to (i) unravel the beneit of DC targeting on the 
T cell response, (ii) generate a broader IgG response against the 
three conserved AG, and (iii) confer partial protection. hus, our 
results also emphasize that the route of inoculation is of major 
importance to assess molecular DC targeting and that the IM 
route should be especially considered. And on the applied side, 
the IM route also ofers the advantage to be classically used, easy 
to perform, and less painful than the ID route.
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Les vaccins à ADN sont une alternative prometteuse présentant de nombreux 

avantages. Ils sont sûrs, adaptables aux souches émergentes, faciles à produire et 

particulièrement inducteurs de réponses lymphocytaires T. La plupart des études ont été 

menées dans le modèle murin mais ils nécessitent d’être améliorés pour envisager une 

application aux animaux domestiques ou à l’homme. Différentes stratégies et formulations ont 

été développées pour optimiser la transfection in vivo et l’expression des plasmides ainsi que 

leur immunogénicité après injection dans la peau ou le muscle. La peau est riche en cellules 

présentatrices d’antigènes (APC) et en vaisseaux lymphatiques et c’est un organe facile 

d’accès. La peau de porc présente de nombreuses similitudes de structure et de composition 

en phagocytes mononuclées avec la peau humaine. Ce modèle préclinique est idéal pour 

transposer les résultats à l’homme ou pour des applications vétérinaires. 

Dans cette partie, notre objectif était d'identifier un mode d'administration d'ADN 

optimal pour induire des réponses immunes contre le PRRSV-1 chez le porc et notamment 

des réponses lymphocytaires T. En effet, comme présentées dans l'introduction, les réponses 

lymphocytaires T sont proposées comme effectrices de la protection anti-PRRSV et elles 

pourraient induire des réponses cross-protectrices entre souches. En effet différents antigènes 

présentent des épitopes T conservés qui sont des candidats vaccins intéressants. Dans les 

parties suivantes de ce travail, nous envisagerons de cibler ces antigènes aux APC, ce qui 

nécessite que l'antigène puisse être sécrété par la cellule transfectée pour interagir avec un 

récepteur des APC. En conséquence, nous avons choisi des antigènes dénués de motifs 

transmembranaires. Les antigènes T candidats sélectionnés sont donc nsp1 , l’ARN 

polymérase (RdRp) et M que nous avons inclue dans une construction chimérique GP4-GP5-

M qui a été utilisée par une autre équipe (Subramaniam et al. 2014, cf. partie VII.). Enfin 

nous avons également sélectionné l'antigène N, qui est l'antigène B immunodominant, bien 

conservé entre souches, nous permettant d'évaluer l'efficacité de nos stratégies pour induire 

des réponses B. 

Nous avons comparé l'immunogénicité de différentes méthodes d’administration des 

plasmides combinés avec un plasmide adjuvant codant pour le GM-CSF porcin dans la peau 

de porc : des injections intradermiques suivies d’électroporation en surface (EP), des EP avec 

des plasmides associés à des formulations de nanoparticules de PLGA NP (EP+NP), des 

injections intradermiques avec des plasmides associés aux PLGA NP (ID+NP), des patches 

composés de micro-aiguilles solubles contenant les plasmides associés aux PLGA NP (DMN) 

et deux applications des DMN suivi par un boost en EP (DMN/EP). L'intérêt de ces modes 
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d'administration a été présenté dans l'introduction de la thèse et étudié principalement dans le 

modèle murin. L'originalité de ce travail est d'évaluer ces modes dans un modèle plus 

pertinent que la souris en vue d'applications pour la vaccination du porc, en l'occurrence ici le 

PRRSV, et aussi pour la vaccination chez l'homme. 

Dans un premier temps, nous avons évalué l’efficacité de transfection d'un plasmide 

codant pour la luciferase (pLuc) dans la peau de porc et nous avons analysé les réponses 

inflammatoires locales induites par les différentes stratégies d’injection. Nous avons montré 

que pLuc est exprimé dans les cellules de la peau de porc suite à EP et DMN, sans 

amélioration de la transfection in vivo par les PLGA NP. Les différentes stratégies d’injection 

n’affectent ni le nombre de cellules totales dans les biopsies de peau récoltées β4 heures après 

l'administration de pLuc, ni la mortalité cellulaire. EP et EP+NP ont induit l'accumulation de 

granulocytes et des cellules CMH class IIpos CD163pos (monocyte/macrophages) dans les 

biopsies, avec une sécrétion d’IL-κ et d’IL-1 . Par contre la proportion des cellules cDC1, 

cDC2 et LC dans les biopsies était réduite après EP, et de façon plus marquée après NP+EP 

pour les cDC. Dans nos conditions d’études, les biopsies des porcs DMN et DMN+NP n’ont 

pas présenté de modifications en composition cellulaire ni en production de cytokines. Ces 

résultats suggèrent l'hypothèse qu’EP induit une mobilisation des cDC et LC vers les 

ganglions et un recrutement de cellules inflammatoires dans le derme, la mobilisation des 

cDC étant renforcée par les PLGA NP. 

Nous avons montré que nos plasmides étaient exprimés dans des cellules 293T, puis 

nous avons essayé d'analyser les protéines produites par western blot. Nous avons évalué chez 

des porcs âgés de β mois (4β répartis en 6 groupes), l’immunogénicité des plasmides. Les 

stratégies EP et EP+NP ont induit une réponse humorale IgG anti-N dans les sera et les 

sécrétions nasales contrairement aux stratégies ID+NP, DMN et DMN/EP. Les cellules de 

rate des porcs ont été stimulées avec des peptides chevauchants de 20 mers (décalage de 8 

acides aminés entre peptides) recouvrant les séquences des antigènes candidats. En fonction 

de la taille des antigènes, différents pools de peptides ont été utilisés (20 peptides par pool 

environ). EP et EP+NP ont induit des réponses lymphocytaires IFN  notamment anti-RdRp et 

anti-N. Le niveau des réponses et surtout le nombre de pools de peptides reconnus par porc se 

sont montrés plus importants avec EP+NP. Les réponses lymphocytaires T dans les groupes 

ID+NP et DMN se sont révélées très faibles. Par conséquent, nous avons choisi la stratégie 

d’EP+NP pour administrer des vaccins à ADN chez le porc dans l'étude suivante. Ainsi à la 

différence de la souris, les patches DMN ne sont pas efficaces chez le porc. Nos résultats 
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concernant la réponse inflammatoire suggèrent qu'il faudrait associer un effet adjuvant 

inflammatoire aux DMN. 

L'emploi des patches à micro-aiguilles solubles était proposé par un partenaire du 

projet européen SAPHIR dans lequel s'inscrit ce travail (XEOLAS, Irlande). Les formulations 

PLGA NP ont été produites par un partenaire suisse (équipe de Nicolas Collin et Christophe 

Barnier-Quer, Université de Lausanne). Dans ce travail, j'ai participé à l'administration aux 

porcs (unité Génétique Animale et Biologie Intégrative (GABI) Jouy-en-Josas, et Plate-Forme 

d’Infection Expérimentale (PFIE) de Nouzilly) et à la collecte des prélèvements. J'ai analysé 

l'expression des plasmides in vitro et in vivo. Le dosage des cytokines en multiplex a été faite 

par Fany Blanc. Les ELISA et les productions de plasmides ont été partagées avec Céline 

Urien et l'analyse des populations de phagocytes mononucléés en cytométrie avec Isabelle 

Schwartz. J'ai pris en charge totalement l'analyse des réponses lymphocytaires IFN . 

J’ai contribué à la mise en forme des résultats de l’article. 
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Abstract 

DNA vaccines have demonstrated high efficacy in the mouse preclinical model using 

different modalities of formulation and delivery. As skin is a readily accessible tissue rich in 

antigen presenting cells and pig skin is a relevant model for humans, we evaluated different 

modes of DNA delivery in vivo in pig skin, i.e. surface electroporation (EP) and dissolvable 

microneedle patches (DMN), and we assessed the benefit of DNA combination to cationic 

poly-lactic-co-glycolic acid nanoparticles (NPs). We used plasmids encoding for luciferase 

(pLuc) as a marker DNA and vaccine plasmids encoding antigens from the Porcine 

Reproductive and Respiratory Syndrome Virus (PRRSV), an arterivirus responsible for major 

economic losses in swine. All methods were successful at inducing luciferase expression in 

skin. At 24 hours post administration, EP, but not DMN, induced a strong recruitment of 

granulocytes and monocyte/macrophage cells in the skin, a reduction of conventional 

dendritic cell subsets (cDC1 and cDC2) and of Langerhans cell representation, in association 

to local production of IL-1  and IL-8. Substantial T cell responses against the PRRSV 

antigens were induced upon delivery with EP and very weak responses with DMN. Notably 

we obtained the strongest and broadest IFN -T response against a panel of PRRSV antigens 

with DNA combined to NPs and delivered by EP. Good systemic and mucosal IgG responses 

were induced by EP but not by DMN delivery. These results contrast with the 

immunogenicity efficacy previously reached in mice with DMN. Altogether, successful DNA 

vaccine administration in skin can be achieved in pigs with electroporation and patches, but 

only the former, especially when used in combination with NPs, induces local inflammation, 

humoral and cellular immunity. This finding shows the importance of evaluating the delivery 

and immunogenicity of DNA vaccines beyond the mouse model in a preclinical model 

relevant to human such as pig and suggests that the insufficient local inflammation triggered 

by the DMN-based administration of DNA is an underlying cause of their limited 

immunogenicity. 
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Introduction 

DNA vaccination is an attractive strategy, presenting many advantageous properties, 

including a good a safety profile due to lack of infectious risk, heat-stability, adaptability to 

pandemic strains, and ease of rapid and large-scale production. Whereas the high 

immunogenicity of naked DNA has been demonstrated in many instances in mouse models, 

immunogenicity revealed to be only suboptimal in human and domestic animals. In order to 

bypass this limitation, several delivery and formulation methods have been developed to 

improve the DNA plasmid expression upon injection in skin and muscle and immunogenicity. 

Among these, electroporation (EP) appears to have generated the biggest advance in the field 

(Saade and Petrovsky 2012; Tregoning and Kinnear 2014; Gothelf and Gehl 2012): the 

applied current induces pores in the cell membrane and directs the DNA through the cell 

towards the positive electrode, and the local inflammation, possibly elicited by cell damage, 

has been associated to the induction of adaptive immune responses in different species 

including mice, pigs and non-human primates (Schultheis et al. 2018; Calvet, Andre, and Mir 

2014; Babiuk et al. 2004; Todorova et al. 2017). Importantly, different EP devices have been 

developed to deliver the DNA in muscle and skin with good results in preclinical models and 

in clinical trials (Tregoning and Kinnear 2014). The immuno-competence of the skin with its 

richness in antigen-presenting cells and dermal lymphatic vessels, as well as its easy access, 

make skin an organ of choice for DNA vaccine delivery. In addition, EP can be performed at 

the skin surface and is less invasive and painful as compared to in muscle (Todorova et al. 

2017; Gothelf and Gehl 2012). Yet, EP is coupled to delivery by needle in skin and it induces 

discomfort and pain; therefore, other methods, based on different types of microneedles, have 

been developed. Microneedles (MN) are sharp microprojections that pierce the stratum 

corneum and deliver DNA to skin cells, without stimulating pain receptors or affecting blood 

vessels. Different designs include solid MN (Mikszta et al. 2002), coated MN (Gill et al. 

2010), and lately, dissolvable MN (DMN) (Marshall, Sahm, and Moore 2016; Cole et al. 

2018). These MN-based methods were shown to be efficient at promoting gene transfer, 

expression of antigens, and immune responses in mouse models (Mikszta et al. 2002; Gill et 

al. 2010; Marshall, Sahm, and Moore 2016; Cole et al. 2018). However, very few studies 

document the potency of DNA vaccines delivered by MN in larger species (Arya et al. 2016; 

Ma et al. 2014) despite the demonstration of efficient material and gene transfer in ex vivo 

cadaver skin (McGrath et al. 2014; Dul et al. 2017). To our knowledge, no studies have 

examined the immunogenicity of DNA vaccines delivered by MN to pigs. Dissolvable MN 
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(DMN) encapsulate the vaccine in their matrix that they release after skin insertion due to 

dissolution of the microneedle in the hydrated skin tissue, and they are fully biocompatible, 

stable and easy to use (Qiu et al. 2016; Cole et al. 2018). Interestingly, one of our recent 

studies showed that DMN with incorporated trivalent inactivated influenza vaccine elicited 

higher and broader immunity compared to intramuscular injection in mice (Vrdoljak et al. 

2016). In the case of DNA delivery with DMN, CTL and B cell responses were induced 

against papillomavirus antigens in mice (Cole et al. 2018). However, the studies with DNA 

delivered by MN were performed in the mouse model and, although promising, they do not 

preclude that similar results would be obtained in application species. Pigs are the most 

appropriate animal model for human skin (Simon and Maibach 2000) as pig skin shares 

structural and histological features with human skin, and we previously described similarities 

in the composition of mononuclear phagocyte subsets (Marquet et al. 2014). Therefore, pig is 

a highly relevant preclinical model for assessments of DNA vaccine delivery strategies in skin 

both for translation to human and possible veterinary application for improving livestock 

health and welfare.  

In this study, we evaluated the gene transfer and immunogenicity induced by DMN loaded 

with DNA that we compared to the gene transfer and immunogenicity induced by surface EP 

in pigs. The DNA vaccine encoded antigens from a pig arterivirus, the porcine reproductive 

and respiratory virus (PRRSV) which is the most damaging virus in swine worldwide 

(Lunney et al. 2016). The plasmid DNA was used either plain or coated on cationic poly-

lactic-co-glycolic acid (PLGA) nanoparticles (NPs), which were previously shown to promote 

DNA vaccine efficacy in mice when coupled to MN (Kumar et al. 2012) or even to EP 

(Barbon et al. 2010). Previous studies indicated that DNA vaccine immunogenicity results 

from the combined effect of gene expression efficiency and local inflammation, which is 

induced by the delivery method as electrical pulses applied prior to intradermal injection 

promote the immune response (Babiuk et al. 2004; Barbon et al. 2010). Therefore, we also 

evaluated the gene transfer efficiency and the local inflammation induced by surface EP and 

DMN with DNA combined or not to cationic PLGA NPs in order to get insight into the 

parameters involved in immunogenicity. Altogether we found that all methods induced skin 

cell transduction. Only EP induced local inflammation with mobilization of 

monocyte/macrophage cells and dendritic cells. EP, especially when combined to cationic 

PLGA NPs, triggered substantial B and T cells responses. Although DMN induced significant 
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transgene expression, it induced very weak IFN  T cell response and no detectable antibody 

response, in the absence of local inflammation. 

 

Materials and Methods 

Antibodies 

The anti-pig IFN  mouse P2G10 mAb (capture) and biotinylated anti-pig IFN P2G11 mAb 

were from MabTech AB (Nacka Strand, Sweden). The anti-pig IgA mouse mAb K61-1B4 

was bought from Bio-Rad Antibodies. The anti-pig MHC class II mAb (mouse IgG2a, clone 

MSA3), anti-CD172a (mouse IgG2b, clone 74-22-15a) were purchased from the mAb Center 

Washington State University (USA). The in-house produced anti-pig CD13 mAb (mouse 

IgG1, clone T35) were purified from mouse ascites using protein A chromatography (Delmas 

et al. 1992). The biotinylated mAb anti-human langerin (rat IgG2a, clone 929F3) was 

obtained from Dendritics (France). Irrelevant unconjugated mouse IgG1, IgG2a and IgG2b, 

biotinylated rat IgG2a, Alexa 488-conjugated mouse IgG2a and PE-conjugated mouse IgG1 

(Bio-Rad Antibodies) were used as isotype controls. The anti-6xHis rabbit polyclonal IgG 

was purchased from Abcam. The phycoerythrin (PE)-conjugated anti-CD163 mAb (mouse 

IgG1, clone 2A10/11), Alexa 488 (A488)-conjugated anti-granulocytes (mouse IgG2a, clone 

6D10) and A488-streptavidin were bought from Bio-Rad Antibodies. A647-conjugated goat 

anti-rabbit IgG were bought from Jackson ImmunoResearch (USA). A647-conjugated goat 

anti-mouse (GAM) IgG2a, EF710 PerCP5.5-conjugated GAM IgG1 and APC-Cy7-

conjugated GAM IgG2b were purchased from Fisher Scientific. The horseradish peroxidase 

(HRP)-conjugated anti-rabbit antibody was purchased from Sigma-Aldrich and the HRP-

conjugated rat anti-mouse IgG1 from BD-bioscience. 

Preparation of cationic poly-lactic-co-glycolic acid (PLGA) nanoparticles (NPs) and 

coating with DNA 

The nanoparticles (NPs) were prepared as follows: the PLGA RG502H polymer (Sigma), was 

dissolved in methylene chloride as a 5% (w/v) solution and 1 ml was emulsified in with 0.1 

mL of Tris 5 mM pH7.4 at high speed using a probe sonicator. The primary emulsion was 

then added to 5 mL of distilled water containing cetyltrimethylammonium bromide (CTAB) 

(0.5%, w/v). The resulting PLGA-CTAB nanoparticles were washed once in buffer by 

centrifugation at 10,000g. After preparation, washing, and collection, DNA was adsorbed 

onto the nanoparticles. Given the constraints of the DMN preparation (see below), 400 µg 

DNA had to be loaded on NPs in 73 µL buffer for making each 9 cm² patch. 
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Production of dissolvable microneedle patches 

DMN patch contained 225 microneedles in a 9 cm² area (Figure 1). They were prepared as 

previously described (Vrdoljak et al. 2016), using 11% (w/v) trehalose and 1.25% (w/v) PVA 

as excipients. Microneedles were 500 µm in height and the formulation was dispersed 

throughout the full volume of the microneedle pore. Briefly, formulation was delivered 

directly onto the water-filled microneedle cavities in a polydimethylsiloxane (PDMS) mould 

at a rate of 1 - 3 L/min. Formulation in the moulds was dried overnight at room temperature 

and then pulled from the mould onto medical grade adhesive tape (1525 L Poly Med tape, 3 

M). A scoring system was to grade the physical quality of 1 cm² patch units; a patch with a 

score of 100 reflected a patch where all 25 microneedles per 1cm² were perfectly formed. A 

score of 92 (maximum of 2 missing microneedles) per 1 cm² was set as the lower limit of 

acceptability. The total dose of DNA plasmid, with and without NPs, per patch was set to 400 

µg. The effective dose per patch was controlled by nanodrop. The quality of the plasmid in 

the patch compared to the liquid stock was determined by agarose gels (data not shown). 

Construction and production of plasmids 

The plasmid encoding for porcine GM-CSF (pGM-CSF) has been previously described 

(Somasundaram et al. 1999). A mCherry encoding plasmid (pmCherry2-N1, here referred to 

pmCherry) was obtained from Addgene under MTA. A firefly luciferase expression plasmid 

(pLuc) was kindly provided by Stéphane Biacchesi (INRA, France). The pLuc plasmid 

includes the eGFP and firefly luciferase sequences separated by a viral IRES cloned in a 

pcDNA3.1 expression vector. pcDNA3.1 vectors encoding for four PRRSV antigen sequences 

from the 13V091 isolate were synthetised by GeneArt. The antigen sequences were i) a 

GP4GP5M chimera that was derived from (Subramaniam et al. 2014) and transposed to the 

13V091 viral sequence (1008 nt), ii) NSP1  (1176 nt), iii) RdRp (1962 nt), and iv) N (405 nt). 

In the case of NSP1  and RdRp which are naturally synthetised from viral polyprotein 

precursors (ORF1 and 2), an exogenous kozak sequence was added. Only GP4GP5M is 

expected to be secreted as includes the natural leader peptide of GP4. Each antigen sequence 

was terminated by a 6xHis tag. The plasmids are named pGP4GP5M, pN, pNSP1 , and 

pRdRp. Plasmid productions for immunization were prepared using Endofree® Plasmid Giga 

Kits (Qiagen) according to the manufacturer’s instructions and were stored at -20°C until use. 

Plasmid transfection in vitro  

293T cells were cultivated in DMEM + 5% fetal calf serum (FCS). 293T cells (1.8 x 105) 

were plated and transfected in P12-well plates with 1 µg of each PRRSV antigen coding 

plasmid, with a control pcDNA3.1 plasmid encoding for an irrelevant antigen, and a marker 
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plasmid (pmCherry, transfection control) using Fugene HD (Roche), according to the 

manufacturer recommendations. After 2 days, cells were harvested and processed for 

detection of expressed antigen by immunofluorescence or Western Blot. 

Cell lysate and Western blots  

Transfected 293T cells from 2 transfected P12-well plates were lysed in RIPA buffer 150 mM 

sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate 0.1% SDS 50 mM Tris 5 

mM EDTA and a protease inhibitor cocktail, pH 8.0 at 4°C. Protein dosage was done with a 

Bradford assay against a bovine serum albumin (BSA) standard in RIPA. Cell lysates (5 to 20 

µg) were analyzed by Western Blot following a 12% SDS-PAGE under reducing conditions. 

Blots were washed with PBS + 0.05% Tween 20 and incubated overnight at 4°C with anti-

6xHis rabbit IgG at a 1:5000 dilution in PBS + 3% BSA + Tween 0.3% (w/v) followed by 

HRP-conjugated anti-rabbit antibody at a 1:100000 dilution in PBS + 3% BSA + Tween 0.3% 

overnight at 4°C. Immunoreactive bands were visualized with ECL substrate (SuperSignal™ 

West Femto, Thermofisher) according to the manufacturer’s protocol. Image acquisitions 

were done with Chemidoc imaging system (Bio-rad). 

Staining of cells and flow cytometry analysis 

Skin cells were incubated on ice with PBS supplemented with 5 % horse serum and 5 % pig 

serum for 30 min. Cells were first labeled with a mix of primary monoclonal antibodies 

(mAb, 2 µg/ml) for 30 min, i.e. anti-MHC class II + anti-CD172a + anti-CD13 mAbs 

followed by EF710-PerCP5.5-conjugated GAM IgG1 + A647-conjugated GAM IgG2a + 

APC-Cy7-conjugated GAM IgG2b. After washing, secondary antibodies were saturated by an 

excess of mouse IgG1 and IgG2a (50 µg/mL) and finally labelled with PE-conjugated anti-

CD163 and A488-conjugated anti-pig granulocytes mAb. Appropriate isotype control mAbs 

were used. Dead cells were excluded by DAPI staining. In order to detect intracellular 

langerin, cells were first incubated with live/dead cell viability reagent (1/50, Thermofisher 

Scientific) and labelled as described above with anti-MHC class II + anti-CD172a mAbs 

followed by their conjugates, and finally with PE-conjugated anti-CD163 mAb. After wash, 

they were fixed and permeabilized using the Cytofix and Cytoperm kit (Becton Dickinson), 

and further incubated with biotinylated anti-langerin or control biotinylated isotype and 

finally with A488-streptavidin. After 48-hour transfection, 293T cells were harvested in 2 

mM EDTA and fixed and permeabilised using the Cytofix and Cytoperm kit. They were then 

incubated with rabbit anti-6xHis (5 µg/ml) followed by A647-conjugated goat anti-rabbit IgG. 

Flow cytometry acquisitions were done with a LSR Fortessa flow cytometer (Becton 

Dickinson) and results were analyzed using FlowJo 10.0.6 software. 
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Pig studies 

The piglets’mothers were checked to be PRRSV-seronegative with the commercial ELISA. 

The experiments with the pLuc plasmid (skin cell transduction and local inflammation) were 

approved by the COMETHEA ethic committee under the number APAFIS#13195-

2017120408328722 v2 in accordance with national guidelines on animal use and performed at 

the Animal Genetics and Integrative Biology unit (GABI-INRA), France, under the 

accreditation number for animal experimentation C78-719. Large White pigs (10 weeks of 

age) were obtained from INRA UEPR Rennes-Saint Gilles. The immunisation experiments 

with PRRSV antigen-encoding plasmids was approved by the Comité d'Éthique en 

Expérimentation Animale Val de Loire under the number APAFIS#4 13-20 15051418327338 

vκ and were done at the Plateforme d’infection Expérimentale PFIE-INRA, Nouzilly, France, 

under the accreditation number for animal experimentation C37-1753 under A-BSL1 

containment. Large White pigs (41 pigs, 4-week-old) were obtained from the INRA 

conventional breeding unit Unité Expérimentale de Physiologie Animale de l'Orfrasière PAO-

INRA, Nouzilly, France. 

In vivo plasmid transfection for assessment of vector expression and local inflammation 

in pig skin 

Pigs were anesthetized (2% isofluorane) to avoid animal discomfort with electroporation (EP) 

and to optimally control the quality of vaccine administration. Pig skin in the inguinal zone 

for surface EP and in the lower thoracic zone for DMN application was cleaned with Vetedine 

soap (Vetoquinol), washed and dried. The DMN pLuc patches (9 cm², 400 µg DNA, plain 

DNA or adsorbed on cationic PLGA NPs) were placed on the skin under a 20 N force 

pressure for one minute. The pig flanks were then wrapped with Elastoplast to permit the 

maintenance of the patches on the skin for 24h. For surface EP, intradermal injection of pLuc 

(in 100 µL saline, plain or adsorbed on NPs) was done in the inguinal zone and EP was 

performed on the site of injection using the CUY 21 EDIT system (NEPA Gene, Japan). 

When stated, pGM-CSF was combined to pLuc (20 µg and 80 µg respectively). Disk 

electrodes (10 mm) were loaded with conductive gel (Alcyon, France) and 6 electric pulses 

were applied during 10 ms with 90 ms interval. Trolamine 0.6% (Biafine, France) was spread 

on the transfected zone right after administration.  

After 24 h, pigs were euthanized and skin biopsies were collected using a 8 mm diameter 

disposable biopsy punch (Kai medical, Japan) after cleaning of the skin with Vetedine soap 

and Vetedine 10% solution. Control skin was harvested from the same zone (inguinal for the 

EP and thoracic zone for the DMN). For evaluation of transfection efficacy, each biopsy was 
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cut into small pieces and lysed with 150 µL of lysis reagent (Luciferase Assay System E1500, 

Promega). Bioluminescence was measured per each biopsy using the In Vivo Imaging System 

(IVIS-200, Xenogen, UK) after adding 100 µl luciferine substrate. A region of interest (ROI) 

was manually selected and the intensity of luminescence (photons/sec/cm²) was recorded. For 

cytokine production assessment, each biopsy was carefully washed in PBS and placed in 

RPMI + 10% FCS + 1 % antibiotic/antimycotic cocktail for 24h. For assessment of 

inflammatory cell mobilization, 6 biopsies were collected per condition, washed in PBS, 

pooled, minced and digested overnight in 6 ml RPMI + 10% FCS + collagenase D (1mg/ml, 

Roche) + dispase (0.5mg/mL, InVitrogen) + DNAse (0.5mg/mL, InVitrogen), + antimycotic 

antibiotic cocktail.  The skin fragments were gently grinded with a 5 ml plunger through a 

metal wire mesh and the cell suspension was finally filtered through 100-µm pores-nylon 

mesh filters. 

In order to evaluate the voltage per cm (V/cm) parameter leading to optimal transfection in 

pig skin, the injected skin areas were subjected to EP with escalating pulses from 0 to 830 

V/cm. in that case, skin was collected after 48 hours. The optimal V/cm was 670 V/cm and 

was used in all subsequent experiments (supplementary material 1).  

Immunizations and sample collections 

Five groups of 7 weaned pigs (28 days-old, 3 or 4 males and 3 or 4 females per group) were 

immunised as follows: intradermally with DNA on PLGA nanoparticles (ID+NP), 

intradermally with plain DNA and surface electroporation (EP), intradermally with DNA on 

nanoparticles and surface electroporation (EP+NP), with DMN (DMN), and with DMN plus a 

final EP boost (DMN/EP). A group of 6 pigs were kept as controls. The electric pulses were 

set at 670 V/cm and the DMN were applied on the lower thoracic area as described for pLuc 

above. For the ID+NP, EP and EP+NP, each PRRSV antigen encoding plasmid (320 µg) + 

pGM-CSF (80 µg) mixed in a final 400 µL volume of 0.9 % NaCl was inoculated in 4 

intradermal spots (100 µl each) under general anesthesia. Each pig of the ID+NP, EP, EP+NP 

and DMN group received 3 identical administrations, 4 weeks apart; the DMN/EP received 2 

DMN applications and a final EP boost, 4 weeks apart. Sera were harvested on D0, 35, 64, 84. 

Nasal swabs from the 2 nostrils were collected in PBS + antiprotease cocktail at D0 and 84. 

Spleen was harvested on D84 and spleen cells were collected as described (Bernelin-Cottet et 

al. 2016). At the end of the study, the animals were euthanized by an overdose of sodium 

pentothal.  

Overlapping peptides 
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Overlapping peptides (20 mers, offset 8) covering the NSP1 , RdRp, N and the GP4GP5M 

PRRSV antigens were synthetized by Mimotopes (Mimotopes Pty Ltd, Victoria, Australia , 

http://www.mimotopes.com). Upon receipt, the peptides were diluted in H20:acetonitrile 

(50:50 vol) at a 5 mg/mL concentration and grouped as pools of peptides not exceeding 25 

peptides: pool N  (15 peptides), pool GP1 (from peptide1 to 20 of the GP4GP5M chimera), 

pool GP2 (from peptide 21 to 40 of the GP4GP5M chimera), pool NSP1 1 (from peptide 1 to 

22), pool NSP1 2 (from peptide 23 to 47), pool RdRp1 (peptide 1 to 20),  pool RdRp2 

(peptide 21 to 40), pool RdRp3 (peptide 41 to 60), pool RdRp4 (peptide 61 to 80). A 20-mer 

peptide from the HIV polymerase was used as control.  

Evaluation of PRRSV antigen-specific T cell responses by ELISPOT 

IFN -secreting T cells were detected using PVDF membrane-bottomed 96-well plates 

(Multiscreen®HTS, Millipore) coated with 15 µg/mL anti-porcine IFN  (capture mAb) in 

PBS. Spleen cells were suspended in X-VIVO-20 medium supplemented with 2% FCS, 100 

U/ml penicillin and 1 µg/ml streptomycin (culture medium) and 2 x 105 were plated per well. 

Cells were stimulated with the different pools of overlapping peptides described above at a 5 

µg/ml final concentration for 18 hours, in duplicates. A HIV polymerase-derived peptide and 

ConA at 25 µg/ml were used as controls. Control wells with H2O:acetonitrile were done. 

After 18h, the IFN -secreting cells were revealed by sequential incubations with 0.5 µg/ml 

biotinylated anti-IFN followed by 0.5 µg/mL alkaline phosphatase conjugated-streptavidin 

and 1-StepTM BCIP/NBT reagent. The spots were enumerated using the iSPOT reader from 

Autoimmun Diagnostica GmbH. Positive wells were considered if the spot numbers in the 2 

PRRSV stimulated conditions were strictly superior to the spot numbers in the control peptide 

stimulated conditions as described (Chrun et al. 2018). The mean number of spots of 

stimulated minus control peptide was calculated. 

Evaluation of anti-N IgG by ELISA 

The sera and swab extracts were assayed using the Ingezim PRRS 2.0 kit (Ingenasa, Spain) at 

a 1:40 and 1:2 dilution respectively. S/P ratio were calculated as follows: [OD sample minus 

OD negative control]:[OD positive control minus OD negative control]. For IgA, area flat 

bottom polystyrene high bind microplates (Corning) were coated overnight at 4°C with 50 ng 

N recombinant protein (same preparation as in the Ingezim PRRSV 2.0 kit) in 50 l of PBS. 

Plates were saturated with 0.1% skim milk in PBS - 0.05 % Tween 20 for 2 h at 37°C. 

Samples were 2-fold serially diluted and were incubated for 2 h at 20°C. Antigen-bound IgA 

were detected using anti-pig IgA mAb (50 ng/ml) followed by HRP-conjugated rat anti-

mouse IgG1 (500 ng/ml). All detection antibodies were incubated for 1 h at 37°C. The 1-

http://www.mimotopes.com/
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StepTM ULTRA-tetramethylbenzidine HRP substrate (TMB, Thermo-Scientific) was used 

and absorbance was measured at 405 nm. 

Cytokine detection 

Concentrations of IL-1  and IL-8 were assessed by cytometric beads assay for simultaneous 

detection of 12 swine cytokines (IL-4, IFNα, TNFα, IL-2, IL-8, IL-13, IL-12, IL-6, IFN , IL-

10, IL-17, IL-1 ) as described (Maisonnasse et al. 2016).  

Statistical and correlation analysis 

Data were analyzed with the GraphPad Prism 6.0 software. The unpaired non-parametric 

bilateral Mann-Whitney test was used to compare the efficacies of the different V/cm for 

luciferase expression using compiled results from different pigs, and the IgG in sera and swab 

extracts. The one-way paired T test was used to compare the luciferase expression signals, the 

innate cytokine secretion, and the inflammatory cell mobilization using different mode of 

DNA delivery on the same pig. The Wilcoxon signed rank test was used to compare the T cell 

response versus the non-vaccinated group. 
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Results 

Formulating DNA plasmids with nanoparticles (NPs) 

The coating of the DNA on cationic PLGA NPs aimed at promoting DNA stability in 

extracellular fluid and during the intracellular trafficking to the nucleus and at favoring the 

capture by skin cells including mononuclear phagocytes for antigen presentation (Tregoning 

and Kinnear 2014; Kumar et al. 2012). In order to incorporate the desired amount of DNA in 

patches (see below), we used highly concentrated DNA solution formulated with various 

amounts of cationic PLGA NPs and observed that ratios equal and above 20:1 (20 µg DNA 

for 1 µg NPs) were required to avoid precipitation, with formulation’s size measured between 

120 and 140 nm, and Pdi around 0.4. Besides, indications of the adsorption of the negatively 

charged pDNA to the surface of the cationic nanoparticles were given by a drop of the zeta 

potential after the addition of DNA (from +15/+30 mV to -30/-50 mV). However, the DNA 

loading ratio showed low levels of adsorptions, i.e. 15 % for the NPs with the 1:20 

formulation, probably due to the low concentration of NPs in comparison to the excess of 

DNA. 

 

DMN patches loaded with plain DNA or DNA combined to cationic PLGA NP 

We incorporated 44 µg of total DNA plasmids per cm2 patch, which is in the same order of 

magnitude as in previous studies with DNA delivery with patches where 50 µg/cm2 were 

used (Gill et al. 2010; Arya et al. 2016). These patches contained 225 needles per patch 

(Figure 1A), with 500 µm needle-height (Figure 1B), a total of 400 µg DNA per patch, and 

at a 1:20 NP:DNA ratio. The quality of the patches was high, as reflected in the DMN score 

reaching 100% while maximally loaded with plain DNA or DNA coated on cationic PLGA 

NPs. DMN patches were applied to the lower thoracic zone to permit a 20 N force to be 

applied for 1 minute to the skin and as a convenient site for securely placing the patch and an 

Elastoplast wrap which was kept for 24 hours. This skin thickness in this zone lays between 

90 and 135 µm (not shown) and is therefore compatible with vaccine delivery through the 

epidermis with 500 µm-high needles. We previously characterised skin penetration events that 

occur in ex vivo pig skin with DMN administration (McGrath et al. 2014). 
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Transduction efficacy of pig skin cells upon DNA delivery with DMN and surface EP 

We applied DMN patches loaded with 400 µg pLuc, plain or combined to cationic PLGA 

NPs, on the lower thoracic zone of three Large White pigs, as described in the Material and 

Methods. On the same pigs, pLuc (100 µg in 100 µL saline) was delivered in the inguinal skin 

by intradermal injection followed by surface EP, either as plain DNA or combined to cationic 

PLGA NPs, using the same formulation as for DMN. This DNA dose for EP was chosen 

based on our previous successful vaccination study in sheep using surface EP (Chrun et al. 

2018).  Skin biopsies were harvested after 24 hours and processed for detection of luciferase 

expression by bioluminescence measurement. This timing was selected as shown to be 

optimal by others (Yan et al. 2014). Control skin of same thoracic and inguinal zone was 

collected, because different skin zones can differ in their intrinsic luminescence. Indeed, the 

intrinsic luminescence revealed to be slightly lower (although not significantly) in the thoracic 

than in the inguinal zone (mean ± sem = 3.85 x 105 ± 2.11 x 105 versus 5.69 x 105 ± 1.38 x 

105 p/cm²/s/r respectively, Figure 2). The level of bioluminescence induced by the DMN 

loaded with plain DNA was significantly higher than the thoracic control and reached 2.89 x 

107 ± 1.88 x 107 p/cm2/s/r (mean ± sem). Coating NPs with DNA did not statistically change 

the level of bioluminescence from the one induced by DMN loaded with DNA (DMN+NP: 

7.96 x 107 ± 9.31 x 107 p/cm²/s/r, Figure 2). The level of bioluminescence was the highest 

when pLuc was delivered with surface EP, reaching 1.3 x 108 ± 1.46 x 107 p/cm²/s/r (mean ± 

sem). Again, DNA adsorption on cationic NPs did not enhance the luciferase expression (1.1 

x 108 ± 9.4 x 107 p/cm2/s/r (mean ± sem), Figure 2). The optimal plasmid delivery V/cm 

parameter had been established beforehand on 4 test pigs, using escalating electric field 

values. A plateaued luciferase signal that did not induce local necrosis was obtained with the 

670 V/cm parameter (Supplementary material 1) which was used for all the surface EP in 

this paper. In conclusion, skin cell transduction can be obtained with DNA-loaded DMN, to a 

relatively close level to the one obtained with surface EP, and is not improved by loading the 

DNA on cationic PLGA NPs in the conditions that we used. 
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Inflammatory cell mobilization induced by DNA delivery with DMN and surface EP in 

skin 

The immunogenicity of plasmid DNA vaccines has been shown to be associated both to cell 

transduction and to inflammatory cell mobilization, which has been proposed to have an 

adjuvant effect (Babiuk et al. 2004; Todorova et al. 2017; Calvet, Andre, and Mir 2014). We 

therefore analysed the mononuclear phagocyte and granulocyte cell types in skin biopsies 24 

hours after administration of plasmid with surface EP or DMN, with plain DNA or combined 

to cationic PLGA NPs. In order to relate these results to the immunogenicity experiment 

where pGM-CSF was used as a genetic adjuvant (see below), pLuc was combined to pGM-

CSF (4:1, µg:µg ratio). The mononuclear cell subsets were identified based on our previous 

work on swine skin dendritic cells and macrophages (Marquet et al. 2011; Marquet et al. 

2014) and on others (Auray et al. 2016). The gating strategy is described in Supplementary 

material 2 on cells from control skin (A) and surface EP (B) biopsies. Granulocytes were 

identified among MHC class IIneg cells as 6D10pos cells. From our previous work (Marquet 

et al. 2014; Marquet et al. 2011), cDC and LC are expected to be found among MHC class 

IIhigh cells, with cDC1 and LC being CD163neg and cDC2 being CD163int: we therefore 

drew a MHC class IIpos/high CD163neg/int  cDC/LC gate, in which cells were split into 

CD172pos and CD13pos cells. CD13, which is a cDC1 marker in human, mice and pig, was 

used to identify cDC1 (Granot et al. 2017; Ghosh et al. 2012; Auray et al. 2016). We further 

split the CD172pos cells into CD163int and CD163neg to identify cDC2 and LC respectively 

(Marquet et al. 2011). We confirmed that CD163neg CD172high cells are Langerinhigh and 

correspond to LC (Supplementary material 2, B and D). The rest of the CD163int/pos MHC 

class IIpos cells with exclusion of the MHC class IIhigh cells (cDC2), were designated as 

monocyte/macrophage cells (Marquet et al. 2014). Based on this gating, we analysed the 

percentage of each subset among live cells upon pLuc + pGM-CSF delivery. The total cell 

number per 6 biopsy pools and the percentage of live cells were not significantly affected by 

EP and tended to be increased by EP+NP (Figure 3A and B). Compared to control inguinal 

skin, surface EP induced a strong increase in the granulocyte and in the 

monocyte/macrophage cell populations and a decrease in the cDC2, cDC1 and LC 

representation (Figure 3C). This decrease is found in total cells and in live cells (DAPIneg) 

and does not appear to correspond to a specific cell death induction in DC (not shown). As 

the total number of cells was not significantly modified by EP, the decrease in cDC2, cDC1 

and LC representation is likely to correspond to mobilisation to lymph nodes. The use of  
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cationic PLGA NPs appeared to amplify the decrease in cDC representation in the case of 

EP+NP (Figure 3C). Conversely, DMN application did not result in significant change in 

mononuclear phagocytes and granulocytes representation.  

 

Inflammatory cytokine synthesis in skin upon DNA delivery with DMN and surface EP 

In order to further analyse the inflammation induced by the different DNA delivery methods, 

we harvested skin biopsies 24 hours after pLuc + pGM-CSF administration and placed 2 

biopsies per condition in flotation in culture medium for 24 hours. The cytokine content was 

analyzed in a multiplex assay for the detection of 12 cytokines (IL-4, IFNα, TNFα, IL-2, IL-8, 

IL-13, IL-12, IL-6, IFN , IL-10, IL-17, IL1 ). Surface EP, with or without cationic PLGA 

NPs, tended to induce the secretion of IL-1 , and of IL -8, and not of the other cytokines 

(Figure 4 and data not shown). DNA delivered by DMN did not induce detectable cytokine 

synthesis under these conditions (Figure 4). Similar results were obtained when pLuc only 

(without GM-CSF) was used for the delivery with EP (supplementary material 3). 

Therefore, the delivery of DNA with DMN allows gene transfer and expression in skin cells 

without detectable inflammatory response, whereas surface EP induces higher transgene 

expression, inflammatory cell mobilization, and inflammatory cytokine expression, with 

EP+NP further enhancing cDC mobilisation. 

 

Immune responses induced by DNA vaccine delivery with DMN and surface EP 

The next step was to evaluate the immunogenicity induced by the DNA delivery with DMN 

and surface EP. We produced plasmids encoding for antigens from PRRSV, a swine 

arterivirus. Four antigens were selected based on their T and B cell antigenicity: N is the 

immunodominant B cell antigen, and GP4GP5M, RdRp and NSP1  include conserved T cell 

epitopes across distant viral strains (Subramaniam et al. 2017; Mokhtar et al. 2014). The 

PRRSV antigens (PRRSV-AG) sequences were end-terminated by a 6xHis tag and cloned in a 

pcDNA3.1 expression vector. The 4 PRRSV-AG vectors were transiently transfected in 293T 

cells and the 6xHis-tagged proteins were detected intracellularly by immunostaining and flow 

cytometry (Figure 5) and after cell lysis in RIPA buffer by Western Blot (not shown). Pigs 

were then immunised with 320 µg of these vectors, each combined with 80 µg pGM-CSF in 5 

vaccinated groups and one non-vaccinated control group. 
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The vaccinated groups (7 pigs in vaccinated groups initially, 6 in the control group) included: 

a group receiving DNA with cationic PLGA NP directly injected in the dermis (ID+NP), a 

group receiving plasmids intradermally followed by surface EP with plain DNA (EP) and 

DNA adsorbed on cationic NPs (EP+NP), a group receiving DNA delivered by DMN with 

cationic PLGA NPs (DMN), and finally a group primed twice with DMN and finally boosted 

with EP (DMN/EP) (Figure 6A-B). There was one dead pig in the EP and ID+NP groups, due 

to anesthesia. The anti-N IgG levels were assayed from sera and nasal swab extracts using a 

commercial kit. Anti-N IgG were detectable at D35 and their levels further increased at D64 

and D84, both in the EP and the EP+NP groups, and not in the DMN (Figure 6C-E). No 

effect of DNA adsorption on cationic NP was observed on the anti-N IgG response (Figure 

6C-E). Low levels of anti-N IgG were detected in nasal swab extracts in the EP and EP+NP 

group (Figure 6F).  Anti-N IgA could not be detected at D84, neither in sera nor in swab 

extracts.  

The splenocytes were restimulated with overlapping peptide pools from the PRRSV-AG and 

the IFN -secreting cells were detected. Nine pools of maximum 25 peptides were used in 

order to stimulate splenocytes with 1 µg of each peptide per well without toxicity (see 

Material and Methods). Non-specific responses in control pigs were obtained with the GP2 

and NSP1  pools, possibly due to cross reactivity of the TCR with unrelated T cell epitopes to 

which these pigs have been exposed, therefore these pools were not considered in the 

analysis. The proportion of pigs that respond to the N, GP1, and to the 4 RdRp peptide pools 

was higher in the vaccinated groups than in the control one (Figure 7, table 1): it reached a 

maximum of 1/6 in the control group with some pools, 3/7 in the DMN group (RdRp1, 2 and 

4), 5/6 in the EP group (RdRp4), and 7/7 in the EP+NP group (RdRp4). A Wilcoxon signed 

rank test reveals statistically significant differences between the response magnitudes in the 

EP+NP and the control group only in the case of the RdRp1 and RdRp4 pools, and close to 

significance with the N and RdRp2 pool (Figure 7). No antigen was highly dominant 

compared to the other antigens; each animal demonstrated a unique hierarchy of antigen 

recognition, irrespective of vaccine. However, N, RdRp1 and RdRp4 induced the most 

consistent responses. For each pig, the number of peptide pools able to stimulate splenocytes 

was calculated and the proportion of pigs capable to respond to more than 2 peptide pools was 

0/6 in the control group, 1/6 in the ID+NP, 1/7 in the DMN/EP group, 2/7 in the DMN group, 

4/6 in the EP group and 5/7 in the EP+NP group. Altogether this immunogenicity analysis 

shows that DNA delivery with DMN induced very weak IFN T cell responses and no  
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detectable B cell response. The responses in the ID+NP and DMN/EP group were also very 

low. EP induced substantial IgG responses in all pigs and DNA adsorption on cationic PLGA 

NPs combined to EP promoted the magnitude and breadth of the IFN T cell responses.  
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Table 1μ IFN -secreting T cells in the pPRRSV-AG vaccinated groups upon restimulation with overlapping 
peptide pools (N, GP1, RdRp1, RdRp2, RdRp3, RdRp4) 
 

Vaccine Pig N° Peptide pools Nb of 
stimulatin
g peptide 
pools/pig 

% responding 
pigs to > 2 

peptides/group 
N GP1 

RdR
p1 

RdR
p2 

RdR
p3 

RdR
p4 

             

no
ne

 

6 0 0 0 0 0 0 0 

0/6 

44 0 0 0 0 0 0 0 
48 0 0 0 22 0 17 2 
55 0 0 40 0 0 0 1 
57 0 0 0 0 0 0 0 
78 0 0 0 0 0 0 0 

E
P 

13 10 8 5 11 21 13 6 

4/6 

17 0 0 0 0 0 0 0 
38 5 0 5 29 10 23 5 
39 10 0 0 24 11 24 4 
67 0 0 25 10 0 0 2 
68 0 0 0 24 13 30 3 

E
P+

N
P 

7 39 11 15 16 0 34 5 

5/7 

37 19 0 51 11 12 43 5 
46 0 0 0 0 0 7 1 
47 0 0 13 0 0 10 2 
59 10 0 12 10 0 30 4 
72 36 11 41 61 55 71 6 
76 37 32 24 37 19 12 6 

ID
+N

P
 

10 0 0 0 0 0 0 0 

1/6 

36 0 0 0 0 0 0 0 
45 0 0 23 0 33 34 3 
71 0 35 0 27 0 0 2 
75 0 0 0 0 0 0 0 
77 0 19 14 0 0 0 2 

D
M

N
 

2 0 0 7 7 0 6 3 

2/7 

12 0 0 7 7 0 15 3 
16 0 0 0 0 0 0 0 
25 0 0 0 0 0 30 1 
35 0 0 0 15 0 0 1 
53 0 0 30 0 0 0 1 
58 0 0 0 0 0 0 0 

D
M

N
/E

P 

11 0 0 0 24 0 0 1 

1/7 

14 0 0 0 0 18 27 2 
23 0 0 43 0 0 55 2 
54 0 0 0 0 0 0 0 
56 0 0 9 17 12 17 4 
65 0 0 26 0 0 0 1 
74 0 0 0 0 0 0 0 
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Discussion 

DNA delivery with DMN is an emerging technology with advantages such as elimination of 

needles and hazardous waste, improved vaccine thermostability, potential dose-sparing 

capacity and self-administration. However to date, it is unknown if the potency of a DNA 

vaccine can be enhanced by DMN delivery into the skin in a relevant preclinical model such 

as pigs. In this work, we evaluated DNA delivery by DMN compared to EP in the pig via skin 

and we found that, although plasmid DNA was expressed in skin upon DMN application, very 

weak IFN  T cell response and no B cell responses were induced to the PRRSV antigens. 

Conversely, EP, especially when combined to cationic PLGA NPs, induced both IgG and 

IFN -T cell responses. We also found that DMN with DNA combined or not on cationic 

PLGA NPs, did not induce detectable innate response whereas EP did induce substantial 

innate inflammatory responses. This finding suggests avenues for improving the 

immunogenicity of DMN by addition of innate immunity stimulants in pigs and likely in 

humans. 

The pig is considered as the preclinical model of choice by the scientific community and 

health authorities to evaluate the efficacy and toxicity of drug delivery through skin as well as 

to study wound healing mechanisms (Ganderup et al. 2012). Anatomical, physiological and 

immunological properties of pig skin also support the pertinence of this animal model for 

assessing needle-free vaccine delivery (Andrianov et al. 2009). Indeed, pig and human skins 

share the same general structure, thickness, hair follicle content, pigmentation, collagen and 

lipid composition, by opposition with rodents (Summerfield, Meurens, and Ricklin 2015). In 

addition, the immune and inflammatory responses of human and pigs are closer to each other 

than to the rodent ones (Mair et al. 2014). Indeed, the immune and inflammation-related gene 

families expanded or contracted with similar rates during human and pig evolution but with 

much higher rates in rodents, and the structural functional protein-domain of orthologous 

immune and inflammation-related genes show a higher degree of preservation between human 

and pig than between these species and rodents (Dawson, Smith, et al. 2017) (Dawson, Chen, 

et al. 2017). This convergent genetic evolution might be related to shared selection pressures 

by the same families of pathogens such as intestinal worms and by zoonotic agents such as 

influenza, rotavirus, Campylobacter, Toxoplasma gondii etc (Groenen et al. 2012). 

Correlatively pig and human macrophages present similar genomic responses during M1 

polarization upon LPS stimulation, whereas mouse macrophages genomic response appears 

more distant (Dawson, Smith, et al. 2017; Kapetanovic et al. 2012; Fairbairn et al. 2011). Our 
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group also showed that pig and human skin display similar subsets of dendritic cells and 

macrophages in the epidermis and dermis, based on comparative transcriptomes and 

functional analyses (Marquet et al. 2014). Therefore, pig presents skin tissue and immune 

characteristics more relevant than the rodent ones for prediction of efficacy of needle-free 

delivery of vaccines such as DNA vaccines with DMN in human. 

Significant transduction of skin cells in pigs was obtained with DMN as previously published 

in mice (Qiu et al. 2016; Cole et al. 2018). However, at the difference with other studies using 

solid MN in mice (Prow et al. 2010; Kumar et al. 2012), we did not measure a benefit of DNA 

combination to cationic PLGA NPs in terms of transgene expression. This may highlight 

difference in potency of DNA vaccines in mice compared to larger animals. This difference 

may also be due to using net negatively charged DNA-conjugated particles, whereas net 

positively charged plasmid DNA-cationic NP complexes were shown to be the most favorable 

to immunogenicity (Kumar et al. 2012). In addition, only about 15 % of DNA is adsorbed on 

cationic PLGA, therefore most of the DNA is naked in our DMN. The DNA load on DMN is 

44 µg/cm2 patch, therefore a skin biopsy (0.5 cm2) corresponds to a theoretical delivery of 22 

µg DNA whereas in the case of EP, the biopsy roughly corresponds to the whole delivery of 

100 µg DNA. Therefore, it is possible that the efficiency of gene transfer by DMN per µg 

DNA is pretty high, although escalating doses should be used with both delivery methods in 

order to make a conclusive statement. It is also possible that the transfected cell types in skin 

are different between the different methods. In the case of surface EP, the dominant 

transduced cell types vary between studies, and were identified as keratinocytes, fibrocytes, 

dendritic-like cells, adipocytes or myocytes, possibly due to differences in the investigated 

species and in the precise site of injection in the dermis (Todorova et al. 2017; Smith et al. 

2014; Amante et al. 2015). The transduced cells have not yet been identified in the case of 

DMN, to the best of our knowledge. Cell localization studies involving refined imaging 

technologies such as cleared in-toto tissue and confocal microscopy with suitable reagents 

will be needed to reliably assess the in vivo transfected cell type and their location in the skin 

or elsewhere (McCaffrey et al. 2016). It is also possible that DNA combination with PLGA 

NPs alters the cell type that capture the DNA, and favors cells endowed with higher endocytic 

capacities, especially after (outside) the EP pulses. 

Efficient immunogenicity of DNA vaccination has been previously related to inflammatory 

cell mobilization induced by the delivery method (Babiuk et al. 2004; Todorova et al. 2017). 

In monkey, surface EP was shown to induce the accumulation of monocyte/macrophage cells 
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and granulocytes, as well as the accumulation of cells identified as cDC in the dermis, and 

also the mobilization of LC from the epidermis (Todorova et al. 2017). In our pig experiment, 

we confirm the strong accumulation of monocyte/macrophage cells and granulocytes upon 

surface EP but we detected a decrease by about 50% in the representation of cDC and LC 

among skin cells, whereas the total cell number did not significantly vary with DMN patches 

(Fig. 3A). It is therefore probable that, following EP, skin cDC and LC enhance their 

migration rate to the lymph node in pigs, and that combination with NPs further increase the 

cDC migration, possibly in link with the improved T and B cell responses. It is possible that 

the DC mobilization signaling and kinetics vary between pigs and monkeys. 

Together with the inflammatory cell mobilization, we found that EP, with and without PLGA 

NPs, induced the synthesis of IL-8 and IL-1 . IL-8 is involved in immune cell recruitment 

and IL-1  is recognized as an important immune adjuvant molecule, which is released in 

response to cellular stress and damage associated molecular patterns and which effectively 

activates antigen presenting cells and adaptive immunity (Munoz-Wolf and Lavelle 2018). 

DMN, with and without NP, did not induce detectable inflammatory cell mobilization nor 

inflammatory cytokine secretion. We also previously demonstrated significantly reduced 

cytokine induction when vaccines were administered to mice using silicon MN arrays 

compared to ID delivery (Carey et al. 2011; Carey et al. 2014). Although only a limited 

number of cytokines - 12- were evaluated in the current study, the findings support the 

hypothesis that MN delivery does not cause the same innate activation as the “traumatic” 

electroporation (Schultheis et al. 2018). However, in comparison to our previous studies in 

mice with virus vectored vaccines (Carey et al. 2011; Carey et al. 2014), much lower vaccine 

immunogenicity was observed in this study in pigs post DNA administration with DMN. 

Therefore, inclusion of an inflammatory adjuvant would be beneficial to DMN 

immunogenicity, such as shown in pigs in the case of the skin administration of protein 

hepatitis B surface antigen coated onto MN (Andrianov et al. 2009). Alternatively, non-

ablative fractional laser treatment (Wang, Li, and Wu 2015) may also enhance DMN-DNA 

immunogenicity. TLR4 and 9 ligands were previously shown in mice to synergize with DNA 

vaccination (Saade and Petrovsky 2012). Finally a TLR7 ligand, which induces a strong skin 

inflammation (Schon and Schon 2007), may be particularly suitable in the case of DNA 

loaded DMN. 

pPRRSV-AG vaccine combined to cationic PLGA NPs and loaded on DMN induced very 

weak IFN -T cell responses and no B cell responses. Interestingly we found that pPRRSV-
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AG vaccine delivered with EP induced IFN -T cell responses, especially when the DNA was 

combined to cationic PLGA NP, a regimen which increased the magnitude of the response 

and the breadth of the response to the different antigens. We did not observe an effect of 

cationic PLGA NPs on skin cell transduction nor cytokine production at 24 hours, but some 

effect on cDC representation. The positive effect of cationic PLGA NPs versus plain EP on 

the IFN -T cell response may be related to increased cDC mobilization to lymph node, to 

improved sensing of the DNA within cDC leading to their higher activation, to favoring cDC 

transduction, to the improved duration of plasmid expression. PRRSV, in its infectious and 

attenuated forms, is considered as a poorly immunogenic virus, especially regarding the 

induction of T cell responses; therefore the T cell responses that we obtained with EP 

combined to cationic PLGA NPs are promising in the perspective of a vaccine development 

relying on broad T cell responses. The DNA vaccine strategy could also be advantageously 

used as a priming vaccine with an attenuated PRRSV vaccine boost, in order to optimize the T 

cell response breadth and develop effective control strategies of this damaging infection in the 

pig industry.  

Altogether surface EP revealed to be superior than DMN patches to deliver DNA and elicit T 

and B cell responses in pigs, in the conditions that we used. New portable systems using the 

EP principle suggest that this technology has a practical clinical future both in human and 

possibly in veterinary medicine (Amante et al. 2015). Importantly, the in vivo transgene 

expression induced by DNA delivered with DMN suggests that this technology also holds 

promises and, based on our finding, should be optimized with inflammation triggers of 

suitable quality for eliciting the desired adaptive immune response in the pig and likely in 

human. Further research is needed to identify the type of adjuvant that best promotes DNA 

vaccination efficacy. 
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L'article 2 a montré qu'il était possible d'induire des réponses lymphocytaires T contre 

des antigènes du PRRSV-1 présentant des épitopes conservés inter-souches, dans le but de 

développer un « T cell vaccine », efficace en protection hétérologue. La réponse 

lymphocytaire T IFN la plus élevée et étendue a été obtenue avec la stratégie de vaccin à 

ADN adsorbé à des nanoparticules cationiques (PLGA NP) injecté dans la peau par la voie 

intradermique suivi d’une électroporation en surface (EP). L'objectif de l'article 3 est 

d'évaluer le bénéfice immunologique d'un ciblage des antigènes aux APC dans une stratégie 

de vaccin à ADN strict ou de prime-boost ADN-MLV. Le bénéfice recherché concerne le 

niveau et l'étendue antigénique des réponses lympmhocytaire T en priorité, mais nous avons 

également analysé l'effet de nos stratégies sur la réponse anticorps. Nous avons cherché à 

produire des vecteurs pour l'expression des antigènes sous forme « native » (article 2) et dans 

des structures de vaccibodies (VB) dimériques comprenant un domaine antigène et un 

domaine ciblant les APC. Les antigènes choisis sont dénués de leur domaine 

transmembranaire pour permettre la sécrétion par les cellules transfectées. Nous avons évalué 

l’efficacité de l’ « APC-targeting » en ciblant deux récepteurs : XCR1 et CD11c. Le ciblage 

de XCR1 et CD11c est connu chez la souris pour induire des réponses Th1 et CD8pos. XCR1 

est un récepteur exclusivement exprimé par les cDC1 chez le porc. CD11c est un récepteur 

exprimé par les cellules myéloïdes porcines. Le ciblage de CD11c a été réalisé avec les 

domaines variables de l'anticorps utilisé dans l'article 1.  

Vaccibody, notre partenaire du projet SAPHIR, n'a pas réussi à faire sécréter et/ou 

exprimer nsp1  entière ou RdRp dans les VB (Vaccibody, Norvège). Vaccibody a produit des 

VB ciblés vers XCR1 pour nsp1b clivée en β partiesμ NSP1 1-202aa, -NSP1 182-383aa. Nous 

avons montré que les VB-XCL1-N, -GP4GP5M, -NSP1 1-202aa, -NSP1 182-383aa et que les VB-

scCD11c-N, -GP4GP5M étaient sécrétés dans les surnageants de cellules 293T transfectées. 

Nous avons également montré que les VB-XCL1 sécrétés interagissent avec les cDC1 

porcines et que les VB-scCD11c exprimés et sécrétés interagissent avec les cellules myéloïdes 

porcines. Nous avons immunisé des porcs âgés d’un mois répartis en deux grands groupes, 

soit en injectant trois fois les plasmides avec un mois d’intervalle entre chaque injection 

(groupes ADN3X), soit un prime ADN et un boost MLV un mois plus tard (groupes ADN-

MLV) en intramusculaire. En effet, nous avons fait l'hypothèse que ce prime-boost pourrait 

renforcer et étendre les réponses lymphocytaires T induite par le MLV pour augmenter sa 

capacité cross-protectrice. Dans les groupes ADN3X et ADN-MLV, nous avons comparé 

l’immunogénicité des vaccins à ADN ciblant XCR1 (groupes XCL1), CD11c (groupes 
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scCD11c) ou la forme native des antigènes (groupes UT pour untargeted). Nous avons deux 

groupes de référence μ un n’est pas immunisé (Ctrl) et un ne reçoit que le MLV (MLV-only). 

Treize jours après la troisième injection pour ADN3X ou après le boost MLV, nous avons 

stimulé les PBMC des porcs avec les peptides chevauchants de 20 mers utilisés dans l'Article 

2. La réponse IFN  est plus forte et surtout plus étendue (i.e. dirigée contre un plus grand 

nombre d'antigènes)  chez les porcs ADN-MLV que chez les porcs ADN3X et MLV-only. Par 

contre, aucun bénéfice du ciblage de XCR1 ou de CD11c n’a été observé. La stratégie ADN-

MLV ciblée ou non, a induit une réponse humorale IgG anti-N plus rapide et plus élevée que 

la stratégie ADN3X ou MLV-only. De manière notable dans la stratégie ADN-MLV, nous 

avons observé un bénéfice très significatif du ciblage de CD11c et surtout de XCR1 sur la 

réponse IgG anti-N. Enfin, nous avons pu observer une diminution de la charge virale MLV 

dans les sérums des porcs primo-injectés avec les VB-XCL1, suggérant que le prime-boost 

ADN-MLV pourrait améliorer la sureté des MLV. 

Ainsi la stratégie ADN-MLV est la plus efficace des stratégies testées ici pour induire 

des réponses lymphocytaires T IFN . Nous avons observé un bénéfice du ciblage de XCR1 ou 

de CD11c pour induire de meilleures réponses humorales, mais pas pour induire des réponses 

lymphocytaires T IFN . Ainsi dans la suite du travail, nous avons sélectionné la stratégie 

ADN-MLV, dont nous avons cherché à améliorer le mode d'administration en complément de 

l'article 2 pour rendre adaptable sur le terrain, avant de la tester face à une épreuve 

infectieuse. 

Les formulations PLGA NP ont été produites par un partenaire suisse (équipe de 

Nicolas Collin et Christophe Barnier-Quer, Université de Lausanne). Dans ce travail, j'ai 

participé à l’immunisation des porcs qui ont eu lieu dans la Plate-Forme d’Infection 

Expérimentale (PFIE) de Nouzilly et à la collecte des prélèvements. Les ELISA et les 

productions de plasmides ont été partagées avec Céline Urien et l'analyse des interactions 

entre les VB et les cellules porcines en cytométrie avec Isabelle Schwartz. J'ai pris en charge 

totalement l'analyse des réponses lymphocytaires IFN . L’analyse des charges virales a été 

faite par Céline Urien. 

J’ai contribué à la mise en forme des résultats de l’article. 

  



 

137 
 

A DNA-modified live vaccine prime-boost strategy 

broadens the T cell response and enhances the antibody 

response against Porcine Reproductive and Respiratory 

Syndrome Virus 

 

Cindy Bernelin-Cotteta, Céline Uriena, Fany Blancb, Virginie Jakobc, Elise Bordeta, Céline 
Barcd, Olivier Boulesteixd, Vanessa Contrerase, Christophe Barnierc, Nicolas Collinc, 
Elisabeth Studsrubf, Agnete-Brunsvik Fredriksenf, Ivan Trusg, Hans Nauwynckg, Nicolas 
Berthoa and Isabelle Schwartz-Cornila.  

aVIM-INRA-Université Paris-Saclay, Domaine de Vilvert, 78350 Jouy-en-Josas, France 
bGABI-INRA-AgroParisTech-Université Paris-Saclay, Domaine de Vilvert, 78350 Jouy-en-
Josas, France 
cVaccine Formulation Laboratory, University of Lausanne, Chemin des Boveresses 155, 1066 
Epalinges, Switzerland 
dINRA, UE1277, Plate-Forme d’Infectiologie Expérimentale, PFIE, 37380 Nouzilly, France  
eCEA-Université Paris Sud-INSERM, U1184 « Immunology of viral infections and auto 
immune diseases », IDMIT department, IBFJ, 92260 Fontenay-aux-Roses & 94270 Kremlin-
Bicêtre, France 
fVaccibody AS, GAUSTADALLEEN 21, OSLO 0349, Norway 
gLaboratory of Virology, Faculty of Veterinary Medicine, Ghent University, Salisburylaan 
133, B-9820 Merelbeke, Belgium 
 

Corresponding author: Isabelle Schwartz-Cornil, isabelle.schwartz@inra.fr 

 

Running title: A DNA-MLV prime-boost strategy to vaccinate against PRRSV 

 

Abbreviations: PRRSV: Porcine Reproductive and Respiratory Syndrome Virus 

MLV: Modified Live Vaccine; mAb: monoclonal antibody; NP: nanoparticle; DC: dendritic 
cell; cDC: conventional dendritic cell; VB: vaccibody; PRRSV-AG: PRRSV antigen; VB-
PRRSV-AG: vaccibody with PRRSV antigen; pscCD11c-N: plasmid coding vaccibody with 
scFv anti-CD11c and N antigen ; pscCD11c-GP4GP5M: plasmid coding vaccibody with scFv 
anti-CD11c and GP4GP5M antigen; pXCL1-N: plasmid coding vaccibody with pig XCL1 
and N antigen; pXCL1-GP4GP5M: plasmid coding vaccibody with pig XCL1 and GP4GP5M 
antigen; pXCL1-NSP1 1: plasmid coding vaccibody with pig XCL1 and NSP1 1; pXCL1-
NSP1 2: plasmid coding vaccibody with pig XCL1 and NSP1 2; pN: plasmid coding N 
antigen; pGP4GP5M: plasmid coding GP4GP5M antigen; pNSP1 : plasmid coding NSP1 ; 
pRdRp: plasmid coding RdRp; DNA 3X: groups receiving 3 DNA injections; DNA+MLV 
groups: groups receiving one DNA injection and one MLV injection; UT: untargeted. 



 

138 
 

Abstract 

The Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) induces reproductive 

disorders in sows and respiratory illnesses in growing piglets and is considered as the main 

pathogenic agent responsible for economic losses in the porcine industry worldwide. 

Modified live PRRSV vaccines (MLVs) are the most efficient vaccine types against 

homologous strains but they present safety concerns and low efficacy against heterologous 

viral variants. With the goal to induce broad and cross-protective immunity, we generated 

DNA vaccines encoding B and T antigens derived from a European subtype 1 strain and 

including T-cell epitope sequences known to be conserved across strains. These antigens were 

expressed either in a native form or in the form of vaccibodies targeted to the endocytic 

receptor XCR1 and CD11c expressed by different types of antigen-presenting cells (APCs). 

When delivered in skin with cationic nanoparticles and surface electroporation, these DNA 

vaccines induced substantial antibody and T cell responses which were not promoted by 

targeting antigens to APCs. Interestingly, a DNA-MLV prime-boost strategy strongly 

enhanced the antibody response and broadened the T cell responses over the one induced by 

MLV or DNA-only. The anti-nucleoprotein antibody response induced by the DNA-MLV 

prime-boost was clearly promoted by targeting the antigen to CD11c and XCR1, indicating a 

benefit of APC-targeting for the B-cell response. In conclusion, a DNA-MLV prime-boost 

strategy, by enhancing the potency and breadth of MLV vaccines, stands as a promising 

vaccine strategy to improve the control of PRRSV in infected herds. 
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Introduction 

The Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), a positive strand RNA 

virus of the arteriviridae family, induces respiratory illness in neonatal and in recently-weaned 

piglets as well as abortions in sows and is responsible for major economic losses worldwide 

[1]. This virus, which primarily infects certain types of macrophages including pulmonary 

alveolar macrophages, exists in two distinct genotypes, Type 1 and 2 which are the 

dominating genotypes in Europe and North America respectively [1]. Phylogenetic analyses 

show that Type 1 includes 4 different subtypes and the ORF2 to 5, which encode for viral 

glycoproteins, present around 30% substitutions at the amino-acid level across strains [2]. The 

PRRSV genome undergoes frequent random mutations and intragenic recombinations, 

generating new variants responsible of pathogenic outbreaks [2]. The most effective 

commercial vaccines are modified live vaccines (MLVs), attenuated by successive in vitro 

passages. However, MLVs revealed safety concerns with reversion to pathogenicity and only 

demonstrated partial protection against heterologous strains. This limited cross-strain 

protection is responsible for the failure of the current commercial MLV vaccines to control 

PRRSV infections in endemic zones [3-5].  

The protective immune effectors against PRRSV involve neutralizing antibodies, which are 

mostly directed to variable antigenic determinants of outer membrane proteins [6]. However 

protective immunity can be obtained in absence of neutralizing antibodies and T cell 

responses have also been proposed to be protective effectors [7-10]. Indeed, IFN  is effective 

as inhibiting PRRSV replication [11], and the IFN  T cell responses were correlated to 

viremia and viral clearance [7, 8]. Interestingly, both CD4+ and CD8+ T cells can exert anti-

viral effects on infected alveolar macrophages expressing MHC class I and II molecules 

loaded with viral peptides. These viral peptides can presumably originate from all viral 

molecules, including internal structural and non-structural proteins which are more conserved 

than the external ones. Furthermore, the T cell receptor recognition may tolerate viral peptide 

mutations, provided that the overall electric charge and peptide-MHC complex shape is 

maintained [12]. Therefore, a so called "T cell vaccine" may stand as an interesting control 

tool against PRRSV. Finally, by using a PRRSV-1 proteome-wide synthetic peptide library, 

several T cell antigens present a good degree of conservation across viral genotype 1 strains 

and pigs infected with distant strains showed a remarkably similar profile of T cell antigen-

reactivity [13, 14]. The most frequently recognized and conserved T cell antigen sequences 

were found in NSP5, NSP1 , RdRp, M, GP5 [13-15]. 
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DNA vaccines are particularly efficient at stimulating T cell responses [16]. In a recent work, 

we showed that substantial T cell responses against PRRSV antigens could be induced in pigs 

by DNA vaccines combined with cationic nanoparticles (NP) and delivered in skin with 

electroporation (Bernelin et al, article 2). Here we aimed at further improving these T cell 

responses by targeting PRRSV antigens to antigen-presenting cells (APCs). Indeed, a huge 

body of literature indicates, yet mainly in mouse models, that targeting antigens to the most 

efficient APC type, i.e. conventional dendritic cells (cDCs), strongly enhances the magnitude 

and breadth of T cell responses [17, 18, 19: Gornati, 2018 #1729], including in the case of 

DNA vaccination [20-22]. We expressed the PRRSV antigens (PRRSV-AG) in vaccibody 

structures (VB) which are dimeric platforms designed to target antigens to cellular receptors 

[23], being here pig XCR1 and CD11c. Indeed, XCR1 is selectively expressed by the cDC1 

type which excels in Th1 and CD8+ T cell activation, as found in mice, human, monkey, 

sheep and pigs [24-26]. CD11c which is broadly expressed on APC including cDC and 

macrophages in pigs [27], has successfully been used to induce Th1 and CD8+ T cell 

responses in mice [28, 29]. In human, its intracellular routing to early endosomes was 

proposed to favour cross-presentation to CD8+ T cells [30] and we showed its potential to 

promote IFN  T cell responses in pigs against the influenza NP protein [31]. Based on this 

encouraging background, we evaluated the immunogenicity of DNA vaccines encoding 

PRRSV antigens in native forms or targeted to APC, as stand-alone vaccines or in a prime-

boost strategy with a MLV vaccine. We found that the DNA-MLV prime-boost regimen 

induced higher antibody and broader T cell response as compared to DNA alone or MLV 

alone, and that APC-targeting to CD11c and XCR1 favoured the antibody response induced 

by the DNA-MLV prime-boost strategy. 
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Material and Methods 

Antibodies  

The anti-pig IFN  mouse P2G10 mAb (capture) and biotinylated anti-pig IFN  P2G11 mAb 

were from MabTech AB (Nacka Strand, Sweden). The anti-pig IgA mouse mAb K61-1B4 

was bought from Bio-Rad Antibodies. The horseradish peroxidase (HRP)-conjugated anti-

rabbit antibody was purchased from Interchim (Jackson ImmunoResearch) and the HRP-

conjugated rat anti-mouse IgG1 from BD-bioscience. The hybridoma producing the murine 

anti-pig CD11c monoclonal antibody (mAb) has been previously described [27]. The mAbs 

used in this study are the murine anti-pig MHC class II mAb (clone MSA3, IgG2a, 

Washington State University Monoclonal Antibody Center (WSU)), the anti-pig CD172a 

mAb (clone 74-22-15A, IgGb, WSU, USA), murine isotype control mAbs, the murine anti-

CH3 domain of human IgG mAb (clone 57H, IgM, Biorad antibodies) and the biotinylated 

murine anti-CH3 domain of human IgG mAb (biot-anti-CH3, clone HP6017, IgG2a, 

ThermoFisher Scientific). The conjugated isotype-specific antibodies were bought from 

ThermoFisher Scientific and are: Alexa 647-conjugated (A647)-goat anti-mouse (GAM) 

IgG2a, APC-Cy7-conjugated (APC-Cy7)-GAM IgG2b, A488-GAM IgM.   

Modified live virus 

The PRRSV genotype 1 subtype 13V091 strain [32] was attenuated by 73 in vitro passages in 

the MARC-145 cell line, clone F4. The attenuated strain was named 13V09b and was unable 

to infect primary alveolar macrophages, even after in vivo passages. 

Constructions of vectors expressing PRRSV-AG 

pcDNA3.1 vectors encoding four PRRSV-AG sequences from the Flanders' 13V091 isolate, 

genotype 1 subtype 1, were synthetized by GeneArt. The PRRSV-AG sequences are i) a 

GP4GP5M chimera that was derived from [33] and transposed to the 13V091 virus (1008 nt), 

ii) NSP1  (1176 nt), iii) RdRp (1962 nt), and iv) N (405 nt). In the case of NSP1  and RdRp 

which are naturally synthetised from viral polyprotein precursors (ORF1 and 2), an exogenous 

kozak sequence was added. Only GP4GP5M is expected to be secreted as it includes the 

natural leader peptide of GP4. Each antigen sequence was terminated by a 6xHis tag. The 

plasmids are named pGP4GP5M, pN, pNSP1 , and pRdRp.  

The construction of the VB vaccine format has been previously described [34]. The VB 

format includes a targeting unit, a dimerization unit made of a human Ig hinge and C(H)3 

sequences of human IgG3 and an antigen unit (Figure 1). A VB with porcine XCL1 as the 

targeting unit has been previously published by our group [27] and this same targeting unit 
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sequence including the natural XCL1 leader sequence was used here. The CD11c targeting 

unit is a single chain Fragment variable (scFv) derived from the mouse IgG1 hybridoma 3A8 

anti-pigCD11c whose sequence was determined by Synogene, USA. The sequence was 

deposited on Bankit (https://www.ncbi.nlm.nih.gov, BankIt2157014 scFv, MK033322). The 

leader sequence used in the CD11c-targeted VB is derived from a mouse Ig 

(MNFGLRLIFLVLTLKGVQC). The four PRRSV-AG used as antigen units (see above) were 

checked to be free of membrane retention motives using the Annie prediction tool [35]. All 

sequences were porcine codon optimised, synthesised by GenScript (USA) and cloned in a 

pUMVC4a vector (Aldevron). NSP1  were split in 2 parts, from AA 1 - 202 (NSP1 1) and 

AA 182 - 383 (NSP1Β2). The generated VB plasmids with successful expression and 

secretion properties (see the result part) used in this study are named pXCL1-N, pXCL1-

GP4GP5M, pXCL1-NSP1 1, pXCL1-NSP1 2, pscCD11c-N, pscCD11c-GP4GP5M. Plasmid 

productions for immunization were prepared using Endofree® Plasmid Giga Kits (Qiagen) 

according to the manufacturer’s instructions and were stored at -20°C until use. 

HEK293 cell transfection 

HEK293 cells were transfected with plasmids encoding the vaccine constructs by use of 

Lipofectamine 2000 following the supplier recommendations (Invitrogen, USA). A negative 

control with Lipofectamine alone was used. The cells were cultivated in DMEM with 10 % 

FBS and the supernatants were harvested 3 days after transfection for analysis by ELISA and 

the cells were cultivated in serum free medium (Pro293E-CDM, Lonza, USA), the 

supernatants were harvested 3 days after, concentrated about 10 times with Vivaspin2 

concentrator (GE Healthcare, UK) for analysis by Western Blot and interaction with low 

density PBMCs.  

Detection of VB by ELISA 

Costar 96-well plates were coated with anti-CH3 (clone 57H). After blocking plates with 1% 

(w/v) BSA in PBS with 0.02% (w/v) Na Azide, VB and lipofectamine-only supernatants were 

added as 4-fold serial dilutions and incubated overnight at 4 °C. The plates were next washed 

and incubated with biot-anti-CH3 (clone HP-6017) diluted 1:1000 in PBS with 0.1% (w/v) 

BSA and 0.02% (w/v) Na Azide for 2 h at 20°C. After washing, alkaline phosphatase-

conjugated streptavidin (Sigma) diluted 1:3000 in PBS with 0.1% (w/v) BSA and 0.02% 

(w/v) Na Azide was added and plates were incubated 1 hour at 20°C. The plates were 

subsequently washed and developed by adding 1 mg/ml phosphatase substrate (Sigma) 

dissolved in substrate buffer (9.7% w/v diethanol amine, 10.1% w/v MgClx6H2O and 0.02 

The piglets’mothers were checked to be PRRSV-seronegative with the commercial ELISA. 
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 (w/v) Na Azide in H2O). OD at 450 nm was measured using a TECAN microplate reader and 

the net OD values were calculated by subtracting the OD value of the lipofectamine-only 

supernatant. 

Analysis of VB by Western Blots 

Vaccine proteins in 10 times concentrated supernatants were incubated in loading sample 

buffer with 10% -mercaptoethanol and subsequently run on a mini-protean TGX pre-cast 

gels. Following electrophoresis, the proteins were blotted onto a PVDF membrane and were 

detected by biotinylated anti-human IgG and horseradish-peroxidase-conjugated streptavidin 

(HRP-streptavidin). The immunoreactive bands were visualized with ECL substrate 

(SuperSignal™ West Femto, Thermofisher). 

Interaction of VB with pig low density peripheral blood mononuclear cells (PBMCs) 

Peripheral mononuclear blood cells were enriched in low density cells using an optiprep 

gradient as we previously described [36]. The cells (3 x 106 per point) were saturated with 5% 

pig serum in PBS and incubated with 10 times concentrated VB-containing supernatants for 

30 min at 4°C. The bound VB were revealed with anti-CH3 mAb followed by a A488-DAM 

IgM. We used positive and negative VB controls, i.e. pig XCL1-mCherry and Control (Ctrl)-

mCherry that were developed previously [27]. The irrelevant targeting unit of Ctrl-mCherry is 

a scFv specific for the hapten NIP (4-hydroxy-3-iodo-5-nitrophenylacetic acid). Cells were 

co-labelled with anti-MHC class II mAb followed by A647-GAM IgG2a and anti-CD172A 

mAb followed by APC-cy7-GAM IgG2b and the specificity of labelling was assessed with 

appropriate isotype controls. Dead cells were excluded with DAPI staining. The cells were 

analysed using a Fortessa cytometer (Becton Dickinson) and the FlowJo software. 

Cationic PLGA nanoparticles (NP) 

The PLGA RG502H polymer (Sigma), was dissolved in methylene chloride as a 5% (w/v) 

solution and 1 ml was emulsified in with 0.1 mL of Hepes at 20 mM pH 7.4 at high speed 

using a probe sonicator. The primary emulsion was then added to 5 ml of distilled water 

containing cetyltrimethylammonium bromide (CTAB) (0.5%, w/v). The resulting PLGA-

CTAB nanoparticles were washed once in buffer by centrifugation at 10,000g. After 

preparation, washing, and collection, DNA was adsorbed onto the nanoparticles. The PLGA 

nanoparticles were provided lyophilised and resuspended in injectable H20 30 min before use. 

DNA was loaded on cationic PLGA NP at a 1:20 ratio (PLGA NP:DNA), based on our first 

study (Bernelin et al, article 2) 
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Immunization of pigs  

The animal experiment was authorized by the Val de Loire ethic committee under the number 

APAF1S#4 13-20 15051418327338 v8, at the PFIE-INRA platform in Nouzilly which 

operates under the agreement #C371753. Pigs (1-month-old) were split in 8 groups including 

8 piglets per group, with equal number of males and females per group, except the MLV-only 

group which contained 9 pigs. The groups' description and the immunization schedule are 

shown Figure 2A and B. On day 0 (D0), pigs were anesthetized (2% isofluorane) and DNA 

plasmids (400 µg each in 400 µl saline) formulated on cationic PLGA NP (1:20, 

PLGA NP:DNA) were injected intradermally in three spots in the inguinal zone followed by 

surface electroporation on the site of injection using the CUY 21 EDIT system (NEPA Gene, 

Japan). Six electric pulses at 670 V/cm were applied during 10 ms with 90 ms interval, as 

optimized before (Bernelin et al, submitted). One group of 8 pigs were kept as non-vaccinated 

controls. Trolamine 0.6% (Biafine, France) was spread on the transfected zone right after 

administration. On D29, the DNA 3X groups received the same DNA vaccines as on D0. The 

MLV-only and DNA+MLV groups were moved to A-BSL2 facility and they received MLV 

FL13b (105.5 TCID per pig) intramuscularly in 2 mL PBS + Ca2+Mg2+. The last injection of 

DNA was done on D62 in the DNA 3X groups. The pigs of the DNA 3X groups were 

euthanized by an overdose of sodium pentothal on D103 and the pigs of the DNA+MLV 

groups were euthanized on D75. 

Overlapping peptides. 

Overlapping peptides (20 mers, offset 8) covering the NSP1 , RdRp, N and the GP4GP5M 

PRRSV antigens were synthetized by Mimotopes (Mimotopes Pty Ltd, Victoria, Australia, 

http://www.mimotopes.com). Upon receipt, the peptides were diluted in H20:acetonitril 

(50:50 vol) at a 5 mg/ml concentration and grouped as pools of peptides not exceeding 50 

peptides: pool N  (15 peptides), pool GP (GP4GP5M chimera), pool NSP1 1 and 2 pools 

RdRp1 (peptide 1 to 40), pool RdRp2 (peptide 41 to 80). A 20-mer peptide from the HIV 

polymerase was used as control.  

ELISPOTS on PBMCs from the DNA 3X and DNA+MLV groups 

PBMCs were collected on D42 (all groups) and on D75 (DNA 3X groups) on three 8ml 

Vacutainer® CPT™ (BD Bioscience) by centrifugation at 1800 g for 35 min at 25 °C. 

PBMCs were washed with PBS+1.3mM citrate and re-suspended in X-vivo medium (Ozyme) 

+ 50% FCS + 1.3 mM citrate and rested overnight. PBMCs were resuspended in X-VIVO-20 

medium supplemented with 2% FCS, 100 U/mL penicillin and 1 µg/mL streptomycin (culture 

medium) and counted for live cells. IFN -secreting T cells were detected using PVDF 

http://www.mimotopes.com/
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membrane-bottomed 96-well plates (Multiscreen®HTS, Millipore) coated with 15 µg/ml anti-

porcine IFN  (capture mAb) in PBS. PBMCs (2 x 105) were plated per well and were 

stimulated with the different pools of overlapping peptides described above at a 10 µg/mL 

final concentration for 18 hours, in triplicates. A HIV polymerase-derived peptide and ConA 

at 25 µg/mL were used as controls. After 18h, the IFN  -secreting cells were revealed by 

sequential incubations with 0.5 µg/mL biotinylated anti- IFN  followed by 0.5 µg/mL 

alkaline phosphatase conjugated-streptavidin and 1-StepTM BCIP/NBT reagent. The spots 

were enumerated using the iSPOT reader from Autoimmun Diagnostica GmbH. Positive 

wells were considered if the mean spot numbers in the stimulated conditions were 

significantly superior to the spot numbers in the control peptide conditions (p < 0.05, paired t-

test) and if > 55 spots. The mean number of spots from stimulated minus control peptide wells 

was calculated. 

Collection of serum and nasal fluid and evaluation of their content in anti-N IgG by 

ELISA.  

Sera were collected on D0, 29, D62 and D103 in the DNA 3X groups and on D0, D29, D36, 

D42, D50 and D75 groups. Nasal swabs were collected from the 2 nostrils in PBS + 

antiprotease cocktail on D0 and D75 in the DNA+MLV groups. Sera and swab collections 

were kept at -20°C. The sera and swab extracts were assayed using the Ingezim PRRS 2.0 kit 

(Ingenasa, Spain) at a 1:40 and 1:2 dilution respectively. S/P ratio were calculated as follows: 

[OD sample minus OD negative control]:[OD positive control minus OD negative control], as 

recommended by Ingenasa.  

Viral detection by specific qRT-PCR 

For quantification of viral RNA copies in sera and nasal swab collected on D29, 36, 42 and 

50, viral RNA was first extracted from 100 µl serum using NucleoSpin ® RNA Virus kit from 

Nagel-Macherey. A one-step qRT-PCR was performed using the iTaqTM universal probes 

One-Step kit (Bio-rad) with specific FL1γ primers located in ORF1μ forward primer 5’- 

TGTTTCCCCACAGATGTTTCG - γ’, reverse primer 5’- CCAGGATTTTGAGGCTTTTCC 

-γ’ and fluorescent probe FAM 5’- CCCCGAGTCAGTATC -γ’ TAMRA. The FL1γ RNA 

standard curve was made with 10-fold dilutions from 101 to 105 TCID50/mL), each spiked in 

control pig serum and extracted with the NucleoSpin ® RNA Virus kit. The qRT-PCR was 

performed with 2 µL of sample elution in 10 µL final mix and the cycling involved the 

following steps: reverse transcription at 50 °C for 10 min, denaturation at 95 °C for 1 min, 

amplification 40 cycles at 95 °C for 3 s and 60 °C for 30 s. TaqMan run of experimental 
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samples contained 2 replicates, mock pig serum RNA and H20. The reactions were carried 

out in a CFX ConnectTM light cycler (Bio-Rad).  

Statistical and correlation analysis. 

Data were analyzed with the GraphPad Prism 6.0 software. The unpaired non-parametric one-

way Mann-Whitney test was used to compare the Elispot results across groups and the IgG 

and IgA in sera and swab extracts. 

  



 

147 
 

  



 

148 
 

Results 

1. Production and biochemical characterization of vaccibodies (VB) for targeting 

PRRSV-AG to pig XCR1 and CD11c. 

We selected sequences from six PRRSV AG derived from the Flanders' 13V091 isolate 

(genotype 1, subtype 1) to be expressed by DNA vectors in a native form or in vaccibody 

platforms in order to target these AG to APC with the goal to induce high and broad T cell 

responses (Figure 1A and 1B). The plasmids encoding the untargeted (UT) PRRSV antigens 

has been described previously (Bernelin et al., article 2, and see Material and Methods). The 

antigenic sequences have to be devoid of retention membrane motives for secretion as 

vaccibodies and for targeting APC. NSP1  and RdRp do not contain predicted retention 

membrane motives as determined with the Annie prediction tool [35] and contain conserved T 

cell epitopes across PRRSV genotype 1 viruses [14]. A GP4GP5M fusion was built as a 

chimera which has been previously used to elicit high CD4+ T cell responses with DC-SIGN 

targeting, although with PRRSV genotype 2 sequences [33]. M is also a well conserved T cell 

antigen across strains [13, 14] and is included in the chimera. The N antigen is an 

immunodominant B cell AG and it can be used to probe for the effects of targeting on 

antibody responses. VB were constructed with these 6 PRRSV antigen sequences and with 

pig XCL1 and anti-pig CD11c scFv derived from the 3A8 clone [27] as targeting sequences. 

These pVB-PRRSV-AG constructs were initially transfected in HEK293 cells. The VB with 

RdRp could not be detected in cell lysates, they were thus not pursued. As XCL1-NSP1  

were detected in cell lysates but not in the supernatants, NSP1  was split in 2 parts (NSP1 1 

from AA1 to 202 and NSP1 2 from AA 182 to 383). As show Figure 2A, VB were detected 

with an anti-CH3 ELISA in the supernatants of HEK293 cells transfected with pscCD11c-N, 

pscCD11c-GP4GP5M, pXCL1-N, pXCL1-GP4GP5M, pXCL1-NSP1 1, pXCL1-NSP1 2 

and they appeared to be expressed at variable levels. These secreted VB were also detected in 

concentrated supernatants using Western blots (not shown). 
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2. Interaction of VB with pig cells. 

The concentrated supernatants from HEK293 cells transfected with the pVB-PRRSV-AG 

plasmids were assayed for their capacity to bind pig myeloid cells and cDC1. Low density pig 

PBMCs, which were used as a source of enriched pig mononuclear phagocytes, were 

incubated with the concentrated supernatants and VB were detected with an anti-CH3 mAb. 

As shown Figure 3A, scCD11c-N and scCD11c-GP4GP5M bound pig low density PBMCs 

[36]. XCL1-N and XCL1-GP4GP5M were detected on MHC class IIhigh, FSChigh, 

CD172low cells, corresponding to cDC1 [27, 36] (Figure 3B). This experiment confirms that 

VB-PRRSV-AG targeted to CD11c and XCR1 are able to selectively interact with pig 

myeloid and cDC1 cells respectively. 

 

3. DNA vectors encoding PRRSV-AG in native forms or targeted to pig APC induce 

IFNΓ T cell responses in pigs (DNA 3X groups). 

Pigs (1-month-old, 8 per group) were immunized with DNA plasmids encoding VB-PRRSV-

AG or UT PRRSV-AG. The plasmids received by the different groups are listed in Figure 4A 

(XCL1, scCD11c, UT groups) and the immunization schedule and the sampling timeline is 

shown in Figure 4B. The plasmids (400 µg each) were combined to cationic PLGA-NP at a 

20:1 DNA:NP ratio and administered intradermally with surface electroporation, as this 

delivery appeared the most potent to induce T cell response against PRRSV AG in pig in our 

previous study (Bernelin et al, article 2). Three administrations were performed at a month 

interval (DNA 3X groups). PBMCs were collected 13 days after the third boost and processed 

to IFN  ELISPOT analysis using re-stimulating overlapping peptide pools covering the 

different PRRSV antigenic sequences. The response against RdRp was evaluated with 2 

peptide pools (N and C terminal), in order not to exceed 40 peptides per pool and avoid 

toxicity. Figure 5 shows that the different plasmid vaccines induced IFN  responses, with the 

GP4GP5N peptide pool revealing the lowest responses and the pRdRP pools showing the 

highest response, which reached statistical significance versus the control group (Mann 

Whitney test). The number of recognized peptide pools was calculated for each pig. In all 

immunized groups, ≥ 5 pigs out of κ responded to at least one peptide pool (Figure 5F). No 

benefit of targeting N, GP4GP5M and NSP1  to XCR1 nor of targeting N and GP4GP5M to 

CD11c was obtained. 
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4. A DNA-MLV prime-boost (DNA+MLV groups) broadens the IFNΓ T cell response as 

compared to MLV-only, induces higher T cell responses as compared to DNA 3X, and 

does not show a benefit of APC-targeting on the IFNΓ T cell response. 

We hypothesized that a DNA-MLV prime-boost strategy could be able to enhance the T cell 

response induced by MLV and might be superior to a DNA-stand-alone strategy. We 

therefore compared the efficacy of this strategy to the DNA 3X's one. We immunized one-

month-old pigs with the DNA plasmids on the same day, in the same housing and with the 

same plasmids as for the DNA 3X groups (Figures 4A). On day 29, the DNA+MLV pigs and 

MLV-only immunized pigs received MLV FL13b (105.5 TCID per pig) by the intramuscular 

route. PBMCs were collected on D13 after the MLV boost and processed similarly as 

described above for the DNA 3X groups. For all peptide pools except GP4GP5M, the MLV-

only and DNA+MLV groups showed statistically significant IFN  T cell response above the 

unimmunized control group (Figure 5A, C, D, E). Pigs of the DNA+MLV groups showed 

higher responses than pigs immunized with MLV-only but due to the heterogeneity of 

response, the difference did not reach statistical significance (Figure 5A-E). The MLV-only 

vaccinated pigs developed similar levels of IFN  T cell response as the vaccinated DNA 3X 

pigs. Whereas 2 pigs of the MLV-only group did not present detectable T cell responses, all 

pigs of the DNA+MLV groups responded to at least 1 peptide pool (Figure 5F). These pig 

groups responded to more peptide pools than did the MLV-only and their respective DNA 3X 

ones (Figure 5F, statistically significant differences with Mann-Whitney test). Therefore, 

altogether the results indicate that the DNA-MLV prime-boost strategy induces broader IFN  

T cell response as compared to a DNA-stand-alone strategy or as MLV-only.  

 

5. A DNA-MLV prime-boost potentiates the anti-N IgG response as compared to a 

MLV-only vaccine or to a DNA-stand-alone regimen and shows a benefit of XCR1 and 

CD11c-targeting. 

N is an immuno-dominant B cell antigen which was successfully targeted to XCR1 and 

CD11c with VB. The IgG anti-N were detected in the sera with a robust commercial ELISA 

kit [37] [38]. In the DNA 3X groups, a low anti-N IgG response was detected after the first 

injection and it gradually increased with the boosting, except in the CD11c group where the 

third boost had no effect. The mean S/P ratio in the XCL1, scCD11c and UT group reached 

the maximal values 0.97 ± 0.41, 0.19 ± 0.07 and 0.96 ± 0.66 respectively on D103 (Figure 

6A).  
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The anti-N IgG response was strongly enhanced by in the DNA+MLV groups as compared to 

in the MLV-only, as soon as on D36 (i.e. 7 days after the MLV boost). The mean S/P ratio at 

D36 reached 1.14 ±0.43 in the XCL1 group and 1.21 ± 0.92 in the CD11c group, which are 

higher values than in the DNA 3X at any time point (Figure 6B). The anti-N IgG response 

started to be detectable at D42 in the MLV-only group (i.e. 13 days after the boost, mean S/P 

ratio = 0.12 ± 0.08). At D50, the mean S/P ratio reached a maximum in the XCL1 and 

scCD11c prime-boost groups (4.64 ±0.57, 4.24 ± 0.79,) whereas the value was much lower, 

i.e. 0.77±0.34, in the MLV-only group. Interestingly, the S/P ratios were higher in the XCL1 

and scCD11c than in the UT prime-boost group at D50 (p < 0.05), as well as at D42 and D75 

in the XCL1 group (p = 0.06 and < 0.05 respectively). As the MLV+DNA pigs were culled on 

D75, the duration of the anti-N IgG response in the three groups could not be evaluated 

beyond that time point. Overall this analysis shows that the DNA-MLV prime-boost strongly 

accelerated the anti-N IgG response induced by MLV and the magnitude of the anti-N IgG 

response was much higher with this regimen than with DNA 3X or MLV alone, in the time 

frame of the experiment. Furthermore, APC-targeting and especially XCR1 targeting potently 

enhanced the anti-N IgG response. 

 

6. Anti-N IgG response in nasal secretions 

So far, the DNA-MLV prime-boost strategy appears as the most potent one to induce broad 

IFNΓ T cell response and high/rapid antibody response against PRRSV. As the achieved 

antibody magnitude is striking, this DNA-MLV prime-boost strategy might be used to protect 

the mucosa, the portal of entry of PRRSV. Although anti-N Abs are not protective, they can 

be considered as emblematic to evaluate the potency of the DNA-MLV for induction of 

mucosal antibodies. Besides, the GP4GP5M chimera does not induce measurable neutralizing 

antibodies, as published by others [33, 39]. No anti-N IgA were detectable in nasal swabs 

collected at D75 but anti-N IgG were detected with the commercial ELISA. Figure 6C shows 

that at D75, the level of anti-N IgG tended to reach the highest levels in the XCL1 group as 

compared to in the MLV-only group. This finding indicates that the prime-boost strategy, 

especially with XCR1-targeting of vaccine antigens, could be favorable to mucosal protection. 
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7. A DNA prime effect on MLV replication duration 

MLV replication can lead to reversion to pathogenicity [5]. We therefore evaluated whether 

the DNA prime had any impact on MLV replication. MLV-FL13b was detected by TaqMan 

qRT-PCR in the pig sera of the DNA+MLV groups on D29, 36, 42 and 50. Whereas no 

difference between groups was found on D36 and 42 (not shown), a slight benefit of the 

DNA prime was observed on D50. Indeed 4 out of 9 pigs showed TCID50 equivalents/ml > 

300 in the MLV-only group, 2 out of 7 and 8 in the UT and scCD11c groups respectively and 

none in XCL1 group. Although the limited number of pigs per group was insufficient to 

provide statistically significant results, the DNA prime appears to reduce MLV replication, 

especially in the XCL1 group. 

 

Discussion 

Our results show that DNA vectors expressing a combination of conserved PRRSV antigens 

inoculated in pig dermis with cationic PLGA NP and surface electroporation induces 

moderate but substantial IFN  T cell and antibody responses. Interestingly, we showed that 

the DNA priming with these vectors enhanced the breadth of the IFN  T cell response and the 

level of anti-N IgG induced by MLV, in the time frame of our experiment. The antibody 

response induced with MLV raised slowly whereas the antibody response induced with 

DNA+MLV rapidly reaches very high levels and started to decline at D75. Given the 

constraints of the large animal experiment scheduling, pigs were culled at D75, what 

prevented us to determine the subsequent evolution of the antibody levels in the different 

groups. In any event in this time frame, we observed a benefit of targeting a PRRSV antigen 

to APCs, and especially to XCR1, to induce elevated amounts of antibodies, both in serum 

and secretions. 

Our initial objective was to develop a PRRSV T cell vaccine, and we hoped to improve the T 

cell responses with APC-targeting. We did not achieve this goal, and we rather obtained 

higher antibody responses with this approach and only in the context of the prime-boost 

strategy. Of note, we only monitored the IFN  T cell responses, and no other arms of the T 

cell response, which could behave differently than IFN  T cell response upon APC-targeting. 

Several published works emphasize that the outcomes of DC targeting remain difficult to 

predict, especially in non-model species [40-42]. The T cell antigen epitope content probably 

strongly impacts on the efficacy of DC-targeting for inducing IFN  T cell response: indeed, 
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contrasted results were obtained with DEC205 targeting of two different Plasmodium vivax 

antigens, with benefit on the IFN  T cell response for one and no effect for the other [43]. 

Some antigens may include high amounts or potent regulatory T cell epitopes, affecting the 

outcome of DC-targeting, with variations between individuals also depending on their genetic 

make-up and their previous immune experience [44, 45]. In this study, only the N antigen and 

the GP4GP5M chimera could be efficiently expressed in the context of targeted vaccibodies; 

two parts of NSP1  could be expressed with XCL1 VB but the levels of expression were low 

in HEK293 cells, and VB including RdRp, which revealed to be the most potent T cell 

antigen in our ELISPOT experiments, were not expressed in cells. A previous work with a 

GP4GP5M chimera indicated that IFN  T cell response could be increased with DC-SIGN 

targeting [33], but these results were not confirmed by a second study using a different 

adjuvant, and the level of induced T cell response was quite low [39]. We observed that this 

chimera is inefficient at inducing IFNΓ T cell response in our setting, whether targeted or not. 

Finally, NSP5 would have been a very interesting T cell antigen to be used in a DNA-MLV 

prime-boost strategy, as NSP5 is the most conserved and dominantly recognized T cell 

antigen in pigs infected with subtype 1 and 3 viruses. However, NSP5 includes many 

predicted transmembrane domains and was therefore not suitable for expression with VB. 

Besides the effect of the antigen properties, our delivery method with cationic PLGA NP and 

surface electroporation may interfere on the effect of APC-targeting for improving IFN  T 

cell responses. Indeed, cationic PLGA NP may have favored the direct transfection of APC in 

skin and may mask the benefit of DC targeting (Bernelin et al, article 2). In addition, our 

delivery method may have a potent adjuvant influence, leading to a maximal response which 

cannot be exceeded with DC-targeting, as previously shown with gradation of plasmid doses 

encoding for DEC205-targeted antigens in the mouse [20]. A different delivery mode, such as 

needle-less jet delivery which may be less inflammatory, and /or omission of NP may modify 

the outcome of antigen-DC targeting. We are in the process to evaluate this hypothesis. 

Our DNA constructs used as a stand-alone strategy induced anti-N responses to moderate but 

substantial levels after 3 injections. However, no boosting effect was obtained with the third 

boost using the scCD11c-N VB vector. The inefficacy of homologous boosting has been 

previously reported when CLEC9A was targeted with a xenogenic antibody [46]. Indeed, the 

xenogenic antibody sequences, here represented by mouse scFv, are presumably intrinsically 

immunogenic in the pig and the anti-scFv response mounted by the pig could block the 

boosting effect, as demonstrated in the CLEC9A-targeting study [46]. Conversely pXCL1-N 



 

158 
 

VB, which contain syngeneic pig XCL1 sequences, are not unfavorable in successive 

boosting. In the CLEC9A-targeting experiment, the authors showed that DC-targeting was 

particularly efficient when used with a heterologous boost [46]. Indeed, in our study, the 

DNA-MLV prime-boost strategy potently favored the antibody response, and the response 

was promoted by XCR1 and CD11c targeting, and even in mucosa. XCR1-targeting appears 

to be particularly suitable to promote antibody response both in mice [22, 47] and in pigs as 

previously shown by us [48]. It has also been proposed that XCR1-targeting with ligands that 

induce a slow internalization kinetics of XCR1 [47] allows a prolonged antigenic interaction, 

leading to efficient activation of the BCR. However, a slow internalization kinetics of XCR1 

would not be favorable to CD8+ T cell activation. It is possible that in the setting that we used 

in pigs, the binding properties of XCL1 VB favors more the antibody response than the CD8+ 

T and CD4+ Th1 cell response. As said in the results, the anti-N IgG response was monitored 

as a "emblematic" antibody response. However protective antigen determinants, yet to be 

identified, could be used in VB in a DNA-MLV prime-boost strategy to elicit strong 

neutralizing antibodies, and ideally broadly neutralizing ones, which exist in some PRRSV-

infected pigs [49]. 

A DNA-MLV prime-boost strategy, using DNA vectors encoding a truncated N devoid of 

immunomodulatory property, has been previously documented to promote IFN  T cell 

responses and reduce the N-specific T regulatory response induced by MLV [50]. In our 

experiment, we could not detect IL-10 production in the supernatants of re-stimulated cells 

and we therefore could check if our multiple PRRSV antigens also had the interesting 

property to limit the immune inhibition induced by PRRSV MLV. 

Finally, the DNA prime may also be beneficial to reduce MLV replication, as found 

especially in the XCR1 group. If confirmed with larger number of pigs, this property would 

be very valuable in improving MLV safety while enhancing their immune potency. 

Our work shows that the DNA-MLV prime-boost strategy, which broadens the T cell 

response and increases the antibody response, is a promising strategy to control PRRSV 

infection, especially in heavily infected areas with PRRSV circulation. Notably, DNA could 

be administered to neonatal piglets under colostrum immunity, as DNA vaccination appears 

insensitive to the effects of maternal antibodies [51]. The primed piglets could then be 

vaccinated after weaning, being optimally armed against circulating PRRSV in fattening 

units.  
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L’article 3 a montré que notre stratégie prime-boost ADN-MLV, avec des vaccins 

ADN associés aux PLGA NP était efficace pour étendre la réponse lymphocytaire T et 

augmenter la réponse anticorps contre le PRRSV chez le porc, et se révèle donc supérieure à 

la stratégie ADN ou MLV seuls. Le ciblage des antigènes aux APC augmente et accélére la 

réponse humorale IgG anti-N, mais est sans effet sur la réponse lymphocytaires T IFN . 

Dans ce dernier article, nous avons visé une stratégie basée sur nos résultats des articles 

2 et 3, qui soit adaptable à la vaccination sur le terrain. Nous avons décidé de ne pas utiliser 

les nanoparticules cationiques PLGA NP pour différentes raisons: 

- l'emploi de PLGA NP présente des problèmes de stabilité, entrainerait des lourdeurs 

de contrôles qualités à mettre en place, des complexités au niveau de l'étape industrielle de 

fabrication, et au niveau de l'enregistrement. 

- l'absence d’amélioration de la réponse lymphocytaire T par l'APC-targeting nous a fait 

supposer que les nanoparticules pouvaient interférer avec son effet.  

- nous avons également identifié une méthode de délivrance de l’ADN, par jet sous 

pression (Pharmajet Tropis® (PJ)), qui s'était montrée efficace chez le porc dans un article 

publié fin 2016 et qui apparait beaucoup mieux adapté à une utilisation sur le terrain que 

l’électroporation (EP). Toutefois l'emploi du PJ qui nécessite d'injecter de l’ADN concentré 

présentait des risques de précipitation avec les PLGA NP.  

L’objectif de l’article 4 est d’améliorer le mode d’administration des vaccins à ADN en 

complément de l’article 2, et d’évaluer l’efficacité de la stratégie ADN-MLV, cette fois avec 

de l’ADN nu, administré avec EP ou PJ, avec ciblage ou non des antigènes au XCR1 qui 

s'était avéré le plus prometteur dans l'article 3. 

Nous avons d'abord comparé l’efficacité de transfection d’un plasmide codant la 

luciférase (pLuc) dans la peau de porc par PJ et EP. Nous avons montré que pLuc est exprimé 

dans les cellules de la peau après injection par PJ avec une meilleure efficacité qu’EP. Vingt 

quatre heures après l'administration par PJ, nous avons détecté des niveaux beaucoup plus 

faibles d’IL-1  et d’IL-8 sécrétés par les biopsies qu'après EP. Nous avons immunisé des 

porcs âgés d’un mois avec l’ADN par EP ou PJ, codant les VB-XCL1 (XCL1-EP ou XCL1-

PJ) ou les antigènes du PRRSV non ciblés (UT-EP ou UT-PJ) Un boost avec un MLV en 

intramusculaire a été injecté un mois plus tard. Nous avons deux groupes de références : un 

qui n’est pas immunisé (Ctrl) et un qui ne reçoit que le MLV (MLV-FL13b). Quinze jours 



 

166 
 

après le boost, nous avons stimulé les PBMC des porcs avec les peptides chevauchants de 20 

mers utilisés dans les articles 2 et 3. A la différence de l'article 3, les réponses 

lymphocytaires T IFN  étaient du même ordre entre les groupes MLV-FL13b seul et ADN-

MLV et aucun bénéfice du DC-targeting n'a été observé. Cette différence par rapport à 

l'article 3 pourrait être liée à l'emploi de l’ADN nu, sans PLGA-NP. Par contre, comme dans 

l’article 3, la stratégie ADN-MLV a induit une réponse humorale IgG anti-N plus rapide et 

plus forte que MLV-FL13b et nous retrouvons également un bénéfice du ciblage de XCR1 sur 

la réponse humorale IgG anti-N, bien qu'un peu moins nette que dans l'article 3. Vingt-quatre 

jours après le boost, nos partenaires du laboratoire de référence du PRRSV (ANSES, 

Ploufragan) ont détecté des anticorps dirigés contre les protéines d’enveloppe (env) virale 

dans les sera des groupes ADN-MLV et pas dans le groupe MLV-FL13b. Ces résultats 

montrent que la stratégie ADN-MLV, avec du ADN nu, a un effet immuno-potentiateur sur le 

MLV seul, révélé par l'augmentation des réponses anticorps anti-N et anti-env, bien qu'il n'y 

ait pas d'effet sur les réponses lymphocytaires T IFN. D'autres réponses immunes, non 

mesurées, ont possiblement été stimulées, et pourraient avoir un effet sur la réplication virale 

d'un challenge hétérologue.  

Vingt-neuf jours après le boost, nous avons réalisé une épreuve infectieuse des porcs 

avec une souche hétérologue au MLV-FL13b administrée par la voie intranasale, la souche 

FL07. Une légère augmentation de température a été mesurée après trois jours dans le groupe 

Ctrl. Les autres groupes ont montré une plus faible augmentation de la température et 

spécialement dans les groupes PJ. Nous avons observé une diminution de la charge virale 

dans les sera et les sécrétions nasales de tous les groupes, mais cette diminution n’a pas été 

renforcée dans les groupes ADN-MLV par rapport à MLV-FL13b seul. Malgré la réduction 

de charge virale dans tous les groupes, des anticorps neutralisants n'étaient pas détectables. 

Enfin, nos données actuelles ne nous ont pas permis de trouver de corrélat immunologique 

avec la protection partielle hétérologue obtenue. La protection obtenue n'est donc pas associée 

à des anticorps neutralisants détectables, ni à l'intensité des réponses lymphocytaires T IFN . 

Toutefois, comme nous n'avons pas pu induire de réponses lymphocytaires T supérieures avec 

la stratégie ADN-MLV prime-boost avec de l’ADN nu, nous n'avons pas pu déterminer si 

l'augmentation du niveau et de l'étendue de ces réponses peut avoir un effet bénéfique à la 

protection hétérologue. Enfin ces résultats montrent que des corrélats immunologiques de 

protection hétérologue sont à découvrir pour développer des stratégies vaccinales adaptées. 
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Dans ce travail, j'ai participé à l'administration des plasmides dans les porcs (unité 

Génétique Animale et Biologie Intégrative (GABI), Jouy-en-Josas et Plate-Forme d’Infection 

Expérimentale (PFIE) de Nouzilly) et à la collecte des prélèvements. J'ai analysé l'expression 

des plasmides in vivo. Le dosage des cytokines en multiplex a été fait par Fany Blanc (GABI, 

Jouy-en-Josas). Les ELISA et les productions de plasmides ont été partagées avec Céline 

Urien. J'ai pris en charge totalement l'analyse des réponses lymphocytaires T IFN . Les 

analyses des anticorps neutralisants et anti-env ont été faites nos partenaires bretons (équipe 

d’Olivier Bourry, ANSES, Ploufragan). Les analyses de charge virale ont été faites par Céline 

Urien. Et les corrélats ont été établis par Luc Jouneau (INRA, Jouy-en-Josas). 

J’ai contribué à la mise en forme des résultats de l’article. 
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Abstract 

The porcine reproductive and respiratory syndrome virus (PRRSV), a RNA virus inducing 

abortion in sows and respiratory disease in piglets, is a leading infectious cause of economic 

losses in the swine industry. Modified live vaccines (MLVs) represent a major control 

measure, but their efficacy is often compromised by the high genetic diversity of circulating 

viruses, leading to vaccine escape variants in the field. In this study, we hypothesized that a 

DNA prime with naked plasmids encoding PRRSV antigens with conserved T cell epitopes 

may improve the protection of MLV against a heterologous challenge. Plasmids were 

delivered with surface electroporation or needle-free jet injection and European strain-derived 

PRRSV antigens were targeted or not to a dendritic cell receptor XCR1. Compared to MLV-

alone, the DNA-MLV prime-boost regimen slightly improved the IFN  T cell response, and 

substantially increased the B-cell response against envelop determinants and the 

nucleoprotein, especially when DC-targeted for the latter. Despite this immuno-potentiation, 

the DNA-MLV regimen did not further decrease the serum viral load nor the nasal viral 

shedding over MLV-alone. Finally, the heterologous protection, achieved in absence of 

detectable effective neutralizing antibodies, was not correlated to the measured antibody nor 

to the IFN  T cell response, indicating that immune correlates of protection still need to be 

identified. This study shows that a DNA prime immuno-potentiates a MLV more on the B 

than on the T cell response side, and remains to be improved to achieve cross-protective 

properties. 
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(Suradhat, Wongyanin et al. 2015). In our previous study, we administered plasmids encoding 

PRRSV-AG combined to cationic poly-lactoglycolide acid (PLGA) nanoparticles (NPs), 

intradermally with surface electroporation (EP), as this regimen appeared as most efficient to 

induce T cell responses in pigs (Bernelin et al, article 2). We found that this DNA prime 

broadened the T cell response and potently enhanced the anti-N IgG response induced by 

MLV. Furthermore, when PRRSV-AG were expressed in vaccibody (VB) platforms targeted 

to XCR1, a receptor selectively expressed by a dendritic (DC) cell subset across species 

(Crozat, Tamoutounour et al. 2011), the anti-N IgG response was further enhanced. However, 

the IFN  T cell response against the different PRRSV-AG was not significantly augmented by 

XCR1-targeting (Bernelin et al, DNA-prime paper). The use of nanoparticles, which may 

have favored the direct transfection of DCs, might have masked the effect of antigen-targeting 

to XCR1 for promoting T cell responses. Furthermore, DNA vaccine formulation with 

nanoparticles leads to complexity and additional cost at the manufacture stage, and raises 

issues of stability, quality and standardization. In addition, surface EP, although very efficient, 

is not yet adapted to vaccine delivery in veterinary field conditions. A painless intradermal jet 

delivery device has been shown to be particularly efficient to induce high neutralizing 

antibody responses in pigs using DNA encoding the influenza hemagglutinin antigen 

(Grodeland, Fredriksen et al. 2016) and such a convenient delivery, now licensed for human 

use, could be adapted to field use for veterinary applications. In the present study, we 

evaluated the T and B cell responses induced by a DNA-MLV prime-boost strategy with plain 

DNA vaccines administered using surface EP compared to jet delivery and coding for 

PRRSV-AG targeted or not to XCR1. We also assessed whether such DNA-MLV prime-

boost strategy would enhance the cross-protection against a distant European PRRSV strain.  
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Materials and Methods 

Antibodies (Abs)  

The anti-pig IFN  mouse PβG10 mAb (capture), biotinylated anti-pig IFN  PβG11 mAb and 

alkaline phosphatase conjugated-streptavidin were from MabTech AB (Nacka Strand, 

Sweden). The anti-pig MHC class II MSA3 mAb was purchased from Washington State 

University Antibody. The anti-mCherry rabbit IgG was purchased from Rockland (#600-401-

P16). The Alexa Fluor 594-conjugated goat anti-rabbit IgG was from ThermoFisher Scientific 

(#A-11012). 

Viruses 

The PRRSV genotype 1 subtype 13V091 (FL13) and 07V063 (FL07) strains have been 

described previously (Frydas, Trus et al. 2015). FL13 was attenuated by 73 in vitro passages 

in the MARC-145 cell line, clone F4. This attenuated strain, designated here as FL13b, was 

unable to infect primary alveolar macrophages, even after in vivo passages (H. Nauwynck 

personnal communication) and is used in this work as MLV-FL13b. The FL07 strain was 

propagated on specific-pathogen-free alveolar macrophages. 

DNA vectors  

A mCherry encoding plasmid (mCherry2-N1, here referred as pmCherry) was obtained from 

Addgene under MTA. A firefly luciferase expression plasmid (pLuc) was kindly provided by 

Stéphane Biacchesi (INRA, France). The plasmid vectors encoding PRRSV antigens (AG) 

have been described previously (Bernelin et al, submitted, articles 2 et 3). Briefly the four 

vectors encoding for untargeted PRRSV antigen sequences from the FL13 isolate are: pN, 

pNSP1  and pRdRp which encode the native proteins and pGP4GP5M which encodes a 

chimera that was derived from a previous publication (Subramaniam, Pineyro et al. 2014) and 

transposed to the FL13 strain. The four other plasmids which encode FL13 PRRSV AG 

targeted to XCR1 in the form of vaccibodies (VB) are pXCL1-N, pXCL1-GP4GP5M, 

pXCL1-NSP1 1 (AA1 to 202 of NSP1 ) and pXCL1-NSP1 β (AA1κβ to γκγ of NSP1 ). 

Plasmid productions for immunization were prepared using Endofree® Plasmid Giga Kits 

(Qiagen) according to the manufacturer’s instructions and were stored at -20°C until use. 

Pig studies, ethic and authorizations 

The piglets’mothers were checked to be PRRSV-seronegative with the commercial ELISA. 

The experiments with the pLuc plasmid (skin cell transduction) were approved by the 

COMETHEA ethic committee under the number APAFIS#13195-2017120408328722 v2 in 

accordance with national guidelines on animal use and performed at the Animal Genetics and 

Integrative Biology unit (GABI-INRA), France, under the accreditation number for animal 
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experimentation C78-719. Large White pigs (10 weeks of age) were obtained from INRA 

UEPR Rennes-Saint Gilles. The immunization experiments with PRRSV antigen-encoding 

plasmids was approved by the Comité d'Éthique en Expérimentation Animale Val de Loire 

under the number APAFIS#4 13-20 15051418327338 v8 and were done at the Plateforme 

d’infection Expérimentale PFIE-INRA, Nouzilly, France, under the accreditation number for 

animal experimentation C37-1753 under A-BSL3 containment. Large White pigs (1 month of 

age) were obtained from the INRA conventional breeding unit Unité Expérimentale de 

Physiologie Animale de l'Orfrasière PAO-INRA, Nouzilly, France. 

In vivo gene transfer  

Pigs were anesthetized (2% isofluorane) to avoid animal discomfort with electroporation (EP) 

and to optimally control the quality of vaccine administration. Pig skin was cleaned with 

Vetedine soap (Vetoquinol), washed and dried. Part of the same experiment has been 

submitted to publication for a study comparing plain pLuc DNA administration to DNA on 

cationic poly-lactoglycolide nanoparticles and patch administration (Bernelin et al, article 2). 

Therefore, the values of the luminescence and of IL1  secretion induced by EP delivery are 

the same ones as in that paper. For EP delivery, intradermal injection of pLuc and pmCherry 

(100 µg in 100 µl saline, 4 spots for pLuc and one for pmCherry) was done in the inguinal 

zone and EP was performed on the site of injection using the CUY 21 EDIT system (NEPA 

Gene, Japan). Disk electrodes (10 mm) were loaded with conductive gel (Alcyon, France) and 

6 electric pulses were applied during 10 ms with 90 ms interval. Trolamine 0.6% (Biafine, 

France) was spread on the transfected zone right after administration. For needle-free jet 

delivery intradermal application (Tropis ID, Pharmajet®, https://pharmajet.com/tropis-id/), 

pLuc and pmCherry (100 µg in 100 µL saline) were administered in the lower thoracic (two 

spots per plasmid) and pLuc was also injected in the ischium zone (two spots). This method of 

administration is designated as PJ in this study. After 24 h, pigs were euthanized and skin 

biopsies were collected using an 8 mm disposable biopsy punch (Kai medical, Japan) after 

cleaning of the skin with Vetedine soap and Vetedine 10% solution. Control skin was 

harvested from the same zone (inguinal for the EP and thoracic zone PJ).  

Detection of pLuc expression 

Two biopsies transfected with pLuc per pig and per mode of delivery were cut into small 

pieces and lysed with 150 µL of lysis reagent (Luciferase Assay System E1500, Promega). 

Bioluminescence was measured per each biopsy using the In Vivo Imaging System (IVIS-

200, Xenogen, UK) after adding 100 µL luciferine substrate. A region of interest (ROI) was 

manually selected and the intensity of luminescence (photons/sec/cm2) was recorded. 
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Detection of pmCherry expression  

One biopsy from skin transfected with pmCherry was collected per pig (3 pigs) and per mode 

of delivery (EP and PJ) and fixed in buffered formalin 4%. Immunohistochemical staining 

and clearing were performed following the iDISCO+ protocol (Renier, Adams et al. 2016). 

Biopsies were incubated 7 days in each antibody solutions. The primary antibody (anti-

mCherry rabbit IgG) and the secondary antibody (Alexa Fluor 594-conjugated goat anti-

rabbit) were diluted 1:500 in PBS. Before clearing, samples were incubated during 3 days 

with DAPI (Sigma-Aldrich, #D9542) diluted at 5 µg/ml. Biopsies were mounted under 

coverslips (Fisher-scientific) using spacers made with Picodent twinsil speed 22 dental paste 

(Picodent, Germany) and sealed with Dentalon plus dental paste (Phymep, France). Images 

were acquired with a Leica SP8 two-photon microscope using a HCX IRAPO L 25X/0,95NA 

water immersion objective (Leica microsystems). DAPI and Alexa Fluor 594 were both 

excited at 800 nm with a Chameleon Vision II laser (Coherent) and fluorescence was detected 

by NDD HyD detectors (Leica microsystems) with BP 525/50 and BP585/40 filters 

respectively. 

Detection of inflammatory cytokines in pig transfected skin  

For cytokine production assessment, two biopsies per pig and per mode of delivery were 

carefully washed in PBS and each placed in 1 mL RPMI + 10% FCS + 1 % 

antibiotic/antimycotic cocktail for 24h. Concentrations of IL-1  and IL-8 were assessed by 

cytometric beads assay for simultaneous detection of 12 swine cytokines (IL-4, IFNα, TNFα, 

IL-2, IL-8, IL-13, IL-12, IL-6, IFN , IL-10, IL-17, IL-1 ) as described (Maisonnasse, 

Bouguyon et al. 2016).  

Immunization of pigs and infectious challenge 

The animal experiment was authorized by the Val de Loire ethic committee under the number 

APAF1S#4 13-20 15051418327338 v8, at the PFIE-INRA platform in Nouzilly which 

operates under the agreement #C371753. Pigs (1-month-old) were split in 8 groups including 

8 or 9 piglets per group, respecting a balance between males and females, and taking their 

ascendance origin so that genetic biases between groups are minimal. The groups' description 

and the immunization schedule are shown in Table 1. On day 0 (D0), 4 groups of pigs were 

anesthetized (2% isofluorane) and were injected with the DNA plasmids (400 µg each), either 

with EP or with PJ, as described above. In the case of EP, DNA in 400 µL was injected in 3 

spots and in the case of PJ, DNA in 200 µl was injected half in the costal zone and the other 

half in the ischium zone. Trolamine 0.6% (Biafine, France) was spread on the EP zone 

administration. On D34, the 4 DNA-vaccinated groups and an additional MLV-only group 
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received MLV-FL13b (105.5 TCID per pig) intramuscularly in 2 mL PBS + Ca2+Mg2+. On 

D63, all pigs including a control group were anesthetized with xylazine (Rompun, Bayer 

SAS) at 2 mg/kg et ketamine (Imalgene, Merial) at 10 mg/kg by the intramuscular route and 

they received 2 x 105 TCID50 FL07 per pig by the intra-nasal route. Appropriate equipment 

was used to protect the personal (protective cover-all clothing, gloves, and safety shoes). 

Body temperature was monitored by sensor chips placed under superficial skin muscle. Pigs 

were examined daily and monitored for dyspnea, coughing, nasal discharge, conjunctivitis, 

ear color, diarrhea, activity. They were euthanized on D88 by an overdose of sodium 

pentothal. 

Animal sample collections 

Nasal swabs were collected for viral detection in 500 L RPMI and for antibody detection in 

PBS + antiprotease cocktail, and they were immediately frozen. For virus detection, nasal 

swabs were collected on D34, 41, D48 (MLV-FL13b) and on D58, 69, 73, and 83 (FL07). For 

antibody detection, nasal swabs were collected on D0 and D58. Sera were collected for 

antibody detection on D0, 34, 48, 58, 88 and for viral detection on D34, 41, 48 (MLV-FL13b) 

and on D58, 69, 73, 83 (FL07). 

Overlapping peptides. 

Overlapping peptides (20 mers, offset 8) covering the NSP1b, RdRp, N and the GP4GP5M 

PRRSV antigens were synthetized by Mimotopes (Mimotopes Pty Ltd, Victoria, Australia , 

http://www.mimotopes.com). Upon receipt, the peptides were diluted in H20:acetonitril 

(50:50 vol) at a 5 mg/mL concentration and grouped as pools of peptides not exceeding 50 

peptidesμ pool N  (15 peptides), pool GP (GP4GP5M chimera), pool NSP1 1 and β pools 

RdRp1 (peptide 1 to 40), pool RdRp2 (peptide 41 to 80). A 20-mer peptide from the HIV 

polymerase was used as control.  

IFN  detection by ELISPOTS  

PBMCs were collected on D49 on three 8mL Vacutainer® CPT™ (BD Bioscience) by 

centrifugation at 1800 g for 35 min at 25 °C. PBMCs were washed with PBS + 1.3 mM citrate 

and re-suspended in X-vivo medium (Ozyme) + 50% FCS + 1.3 mM citrate and rested 

overnight. PBMCs were resuspended in X-VIVO-20 medium supplemented with 2% FCS, 

100 U/ml penicillin and 1 µg/mL streptomycin (culture medium) and counted for live cells. 

IFN -secreting T cells were detected using PVDF membrane-bottomed 96-well plates 

(Multiscreen®HTS, Millipore) coated with 15 µg/mL anti-porcine IFN  (capture mAb) in 

PBS. PBMCs (2 x 105) were plated per well and were stimulated with the different pools of 

overlapping peptides described above at a 10 µg/mL final concentration for 18 hours, in 

http://www.mimotopes.com/
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triplicates. A HIV polymerase-derived peptide and ConA at 25 µg/mL were used as controls. 

After 1κh, the IFN -secreting cells were revealed by sequential incubations with 0.5 µg/mL 

biotinylated anti-IFN  followed by 0.5 µg/ml alkaline phosphatase conjugated-streptavidin 

and 1-StepTM BCIP/NBT reagent. The spots were enumerated using the iSPOT reader from 

Autoimmun Diagnostica GmbH. Positive wells were considered if the mean spot numbers in 

the stimulated conditions were significantly superior to the spot numbers in the control 

peptide conditions (p < 0.05, paired t-test) and if > 55 spots. The mean number of spots from 

stimulated minus control peptide wells was calculated. 

Collection of serum and nasal fluid and evaluation of their content in anti-N IgG by 

ELISA.  

The sera and swab extracts prior challenge were assayed using the Ingezim PRRS 2.0 kit 

(Ingenasa, Spain) at a 1:40 and 1:2 dilution respectively before challenge and at a 1:400 

dilution after challenge. The S/P ratio were calculated as follows: [OD sample minus OD 

negative control]:[OD positive control minus OD negative control], using the mean of the 

experimental negative controls.  

Detection of neutralizing antibodies (NAbs) and anti-envelop proteins 

NAbs were quantified in sera on MARC-145 cells against the FL13b vaccine strain according 

to the Virus Neutralisation Titer (VNT) method described in a previous paper (Charpin, Mahe 

et al. 2012). Anti-envelop Abs were also detected using the ELISA PrioCHECKTM PRRSV 

VIA (Prionics) at a 1:20 dilution. This indirect ELISA test (not yet commercially available) 

has been generated to discriminate between Type I (EU) and Type II (US) PPRSV infection, 

and is proposed for the detection of NAbs. S/P ratios were calculated as recommended by the 

manufacturer.  

Viral detection by specific qRT-PCR 

For quantification of viral RNA copies in sera and nasal swab, viral RNA was first extracted 

from 100 µL biological fluid using NucleoSpin ® RNA Virus kit from Nagel-Macherey. A 

one-step qRT-PCR was performed using the iTaqTM universal probes One-Step kit (Bio-rad). 

Primers were designed to amplify selectively FL07 and not FL13 sequences, in the ORF1 

geneμ forward primer 5’-TGGCACAGAATCCGACAACA-γ’, reverse primer 5’- 

GTCTAAGGCCTGCGCATCA-γ’. A fluorescent probe was designed that hybridizes to the 

specific FL07 PCR productμ FAM 5’-AGCTCGCCTCTGACTT-γ’ TAMRA. A standard 

curve was made with four 10-fold dilutions of the FL07 inoculum (101 to 104 TCID50/ml), 

each spiked in control pig serum and extracted with the NucleoSpin ® RNA Virus kit. The 

qRT-PCR was performed with 2 µl of sample elution in 10 µL final mix and the cycling 
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involved the following steps: reverse transcription at 50 °C for 10 min, denaturation at 95 °C 

for 3 min, amplification 40 cycles at 95 °C for 15 s and 60 °C for 30 s. TaqMan run of 

experimental samples contained 2 replicates, mock pig serum RNA and H20. The reactions 

were carried out in a CFX ConnectTM light cycler (Bio-Rad). The number of viral RNA 

copies/ml in each sample was determined using the FL07 RNA standard calibration curve. 

For each animal, the area under the curve (AUC) of the viral RNA copies per ml over 25 days 

(viral RNA AUC) was calculated. For MLV-FL13b detection, the same protocol was used 

with specific primersμ forward primer 5’- TGTTTCCCCACAGATGTTTCG - γ’, reverse 

primer 5’- CCAGGATTTTGAGGCTTTTCC -γ’ and fluorescent probe FAM 5’- 

CCCCGAGTCAGTATC -γ’ TAMRA. The FL1γ RNA standard curve was made with 10-

fold dilutions from 101 to 105 TCID50/mL). The specificity of the qPCR reactions for FL07 

and FL13 detection was checked on the respective standard curves and strictly no 

heterologous virus could be detected. 

Statistical and correlation analysis. 

Data were analyzed with the GraphPad Prism 7.0 software. The unpaired non-parametric two-

way Mann-Whitney test was used to compare the inflammatory cytokine results, the 

luciferase, the Elispot and Ab results between 2 groups. The principal component analysis 

was done with 16 factors and included the individual viral RNA copies/ml at D69, 73 and 83 

as well as the viral RNA AUC, the individual body temperatures at D65, the T cell responses 

at D4λ to the N, GP4GP5M, NSP1 , RdRp1 and RdRpβ pools, the total number of spots per 

pig (with and without the NSP1  responses), the number of T cell antigens recognized per 

pig, the anti-N Ab at D58 and 83 and the anti-envelop Ab at D58 and D88. PCA graphics has 

been produced using the FactoMineR R package (http://factominer.free.fr/). The correlation 

analysis between the different immune and virological parameters was done with a bilateral 

Spearman non-parametric test. 
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Results 

Transduction efficacy of pig skin cells upon DNA delivery with a needle-free high 

pressure jet injection (Pharmajet® Tropis-ID device, PJ) versus surface EP. 

In order to deliver our DNA vaccines in a convenient, well-tolerated and efficient manner, we 

compared the transduction efficacy of pig skin cells with a pLuc plasmid administered as 

plain DNA via needle-free high pressure jet injection (PJ) versus surface EP. Indeed, we 

previously showed that the later led to high luciferase expression in pig skin and good 

immunogenicity with plasmids encoding untargeted PRRSV-AG (Bernelin et al, article 2). 

Skin biopsies were harvested 24 hours after pLuc delivery and processed for detection of 

luciferase expression by bioluminescence measurement. Figure 1A shows that PJ delivery 

induced luciferase expression reaching higher values (2.69 x 109 ± 1.57 x 109 p/s/cm2/sr) 

than surface EP delivery (1.30 x 108 ± 1.46 x 107, p < 0.005). As detailed in the Material and 

Methods and on Figure 1A, pLuc was administered with PJ either in the costal zone or in the 

ischium zones, what gave similar transfection efficacy (Figure 1A).  

In addition, we evaluated the in situ expression of a pmCherry plasmid, 24 hours post-

delivery with PJ and EP, using a whole tissue clearing strategy and detection with 2-photon 

microscopy. Figure 2 shows that keratinocytes (A, B), dermal cells resembling fibroblasts 

and possibly DCs (C, D) and cells resembling adipocytes (E, F) expressed the mCherry 

protein upon in vivo transfection. No clear difference in the micro-anatomy of mCherry 

expression could be seen between EP and PJ delivery from three skin samples.  

Skin biopsies were placed in flotation in culture medium for 24 hours. The cytokine content 

was analyzed in a multiplex assay for detection of IL-4, IFNα, TNFα, IL-2, IL-8, IL-13, IL-

12, IL-6, IFN , IL-10, IL-17, IL-1 . The DNA administration with PJ induced variable and 

low levels of IL-1  and IL-8 (no statistical significance versus control skin of the same site) 

whereas EP, as we published before (Bernelin et al, article 2), induced significant amounts 

of both cytokines (Figure 1B). The other cytokines were not detected with our assay. 

Altogether, PJ appears more potent than EP to transduce skin cells and induces lower 

inflammatory responses than EP. 

 

IFN  T cell responses induced by a prime-boost DNA-MLV-FL13b strategy with DNA 

encoding PRRSV-AG targeted or not to XCR1 and delivered with EP or PJ.  

We previously showed that an improvement of the T cell response breadth was achieved by a 

DNA-MLV prime-boost strategy, versus DNA-only or MLV-only (Bernelin et al, article 3). 

We selected DNA plasmids from the ones which were used in that study (see Material and  
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Table 1. Vaccination with DNA vectors, MLV-FL13b and infection with the FL07 heterologous PRRSV strain 

Vaccines and 

dates 

Groups 

Ctrl1 MLV-FL13b DNA+MLV-FL13b 

XCL1-EP XCL1-PJ UT-EP UT-PJ 

DNA 

D0 

  pXCL1-N2 

pXCL1-GP4GP5M 

pXCL1-NSP1 1 

pXCL1-NSP1 β 

pRdRp 

pXCL1-N 

pXCL1-GP4GP5M 

pXCL1-NSP1 1 

pXCL1-NSP1 β 

pRdRp 

pN 

pGP4GP5M 

pNSP1  

pRdRp 

pN 

pGP4GP5M 

pNSP1  

pRdRp 

MLV-FL13b 

D34 

- + + + + + 

FL07 challenge 

D63 

+ + + + + + 

1 non-vaccinated group, 2 plasmids per pig inoculated at D0 
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Method section). These plasmids encode PRRSV AG containing T cell epitopes which are 

conserved through viral strains, i.e. RdRp, NSP1  and M (Mokhtar, Eck et al. 2014). The M 

sequence is included in a GP4GP5M chimera previously used on the context of DC-targeting 

(Subramaniam, Pineyro et al. 2014) and the immunodominant B cell antigen N is also used to 

probe the antibody response. The PRRSV AG are either targeted to XCR1 via VB platforms 

using pig XCL1 as a targeting unit (pXCL1-GP4GP5M, pXCL1-N, pXCL1-NSP1 1 and 

pXCL1- NSP1 β) or untargeted (UT, pGP4GP5M, pN, pNSP1 , pRdRp). The PRRSV-AG 

sequences were derived from the PRRSV European subtype 1 13V091 strain (FL13, (Frydas, 

Trus et al. 2015)). On day 0 (D0), plasmids encoding targeted or non-targeted PRRSV-AGs 

were administered either with EP or PJ, according to Table 1. At the difference with our 

previous study, the DNA was not combined to cationic PLGA nanoparticles (see 

introduction). On D34, the attenuated FL13 MLV strain was administered by the 

intramuscular route. The IFN  T cell response to overlapping peptides covering the different 

vaccine PRRSV-AGs was assayed using the ELISPOT technique from PBMCs collected on 

D49 (i.e. D15 after the MLV-FL13b boost). The response against RdRp was evaluated with 2 

peptide pools (N and C terminal), in order not to exceed 40 peptides per pool and avoid 

toxicity. The MLV-FL13b and DNA+MLV-FL13b groups showed statistically significant 

IFN  T cell response above the unimmunized control group to the N, GP4GP5M and RdRpβ 

peptide pools (Figure 3A-E). Few animals per group presented responses to NSP1  peptide 

pools at the difference to in our previous study where the response was higher (Bernelin et al, 

article 3); the use of cationic PLGA NP (see the discussion) or difference in genetic make-up 

of the pigs between studies could explain this discrepancy. Higher responses to N and RdRp2 

peptide pools were obtained in the PJ group as compared to in the MLV-FL13b group, with 

no clear benefit of DC-targeting (Figure 3A-E). The number of peptide pools recognized per 

pig was calculated (Figure 3F). Whereas 5 out of 9 pig PBMCs responded to at least 2 

peptide pools in the MLV-FL13b group, this proportion appears higher in the DNA+MLV-

FL13b groups, such as in the XCL1-PJ group (8 out of 9 pigs, Figure 3F). However, the 

increase over the MLV-FL13 group was not statistically significant for any of the DNA-

MLV-FL13b group. In conclusion of this experiment using plain DNA administered with 

surface EP or PJ, the T cell response was only slightly improved by the DNA-MLV prime-

boost strategy over the MLV-FL13b alone. 
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Antibody responses induced by the prime-boost DNA-MLV-FL13b strategy. 

The anti-N IgG response in the sera was measured using a commercial ELISA kit (Biernacka, 

Podgorska et al. 2018). The anti-N IgG response was already detected at the time of MLV 

injection, showing that a single DNA administration with EP and PJ is efficient at inducing 

anti-N responses. As previously found in Bernelin et al article 3, the anti-N IgG response 

was clearly enhanced in the DNA+MLV-FL13b groups as compared to in the MLV-FL13b-

only (Figure 4, p < 0.005). A higher proportion of pigs presented S/P ratios over 10 in the 

XCL1 groups than in the UT groups indicating that the XCR1-targeting of N is beneficial to 

the anti-N IgG response (Figure 4, D48 and D58). Sera collected at D58 were assayed for 

NAbs detection using a classical in vitro neutralization assay with MARC145 cells and FL13b 

virus as well as a prototype indirect PrioCHECKTM PRRSV-VIA ELISA developed by 

Prionics, designed to detect NAbs of type 1 PRRSV strains. None of the sera demonstrated 

neutralizing activity in our assay with MARC145 cells. However, as shown Figure 5, all 

DNA-MLV groups presented higher titers in the Priocheck-VIA assay than the MLV-only 

group (p < 0.05). The discrepancy between the in vitro assay with MARC145 and the 

Priocheck-VIA assay can be explained by the higher sensitivity of the ELISA test. Notably 

the ELISA titers were heterogeneous between pigs, possibly due to genetic differences in the 

antibody repertoires between pigs. This finding indicates that the DNA priming favors the 

generation of antibodies directed to antigenic determinants of the Type 1 MLV envelop. 

 

Protection induced by the prime-boost DNA-MLV-FL13b strategy against a 

heterologous challenge with FL07. 

So far, the increase of the immune responses induced by the DNA-MLV-FL13b strategy over 

the MLV-FL13b-induced response reflects immuno-potentiating properties, which might be 

beneficial to cross-protection against a heterologous Type 1 PRRSV strain. FL13 shows a 

high genetic diversity to all, currently, publicly available complete genomes of genotype 1 

viruses and has been located “alone” in the phylogenetic tree, in a distinct branch from the 

Flanders' 07V063 strain (FL07) (Frydas, Trus et al. 2015). The mean amino-acid conservation 

between the variable GP2, GP3, GP4, GP5 between FL07 and FL13 is 84.9 %, which is the 

usual variation used to assess heterologous protection (Savard, Alvarez et al. 2016). Pigs were 

challenged intranasally with FL07 on D63. The body temperature was monitored with  
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subcutaneous sensors. A slight rise in temperature from 38.3 ± 0.3 to 39.4 ± 0.4 (mean ± sem) 

was measured on D65 in the control non-vaccinated group and this rise was delayed to D66 in 

the MLV group, to 39.4 ± 0.6 (Supplementary Figure 1). The rise was lower in the DNA-

MLV-FL13b groups, and especially in the PJ groups (p < 0.05, Supplementary Figure 1G). 

The pigs did not present any pathological symptoms upon daily monitoring. FL07 RNA was 

measured on D58, 69, 73, 83 in the sera and in the nasal secretions using a specific qRT-PCR 

assay which was checked to be unable to detect FL13 (Supplementary Figure 2 and Figure 

6). The area under the curve (AUC) of viral FL07 RNA detection (TCID50 equivalent/ml) 

over time was calculated for each pig. MLV-FL13b significantly reduced the viral RNA 

content in serum (860 ± 533) and nasal secretion (74 ± 124) compared to in the serum of non-

vaccinated pigs (3938 ± 2614 and 1254 ± 1796, for serum and nasal secretion respectively). 

However the DNA-MLV-FL13b regimen did not enhance the protective effect of MLV-

FL13b (Supplementary Figure 2 and Figure 6). The Priocheck-VIA Ab levels were 

enhanced by FL07 infection at D88 versus D58 before infection (compare Figure 5 and 

supplementary Figure 3), indicating that FL07 infection further boosted the Ab response 

against Type 1 envelop determinants, without differences between vaccinated groups. 

However effective NAbs against FL13b in classical in vitro neutralization assay were not 

detected at D71 nor D88, indicating that this FL13 DNA-MLV prime-boost strategy, followed 

by heterologous challenge FL07 was not efficient at inducing neutralizing nor cross-

neutralizing Abs. 

 

Lack of immune correlates of protection induced by the MLV and prime-boost DNA-

MLV-FL13b strategies against the heterologous FL07 challenge. 

The MLV and DNA+MLV vaccinated pigs demonstrate variability of their B and T cell 

immune responses and of viral replication and shedding values which could be useful to 

identify correlates of protection against a heterologous challenge. The different 

immunological, body temperature at D65 and viral variables were loaded on a principal 

component analysis (PCA) in order to identify the main axes of the data’s variance as well as 

correlated variables. The Dim 1 axis, which explains 31.32% of the variance, clearly separates 

the data between the control and the vaccinated groups (Figure 7A). The PCA loading of 

each variable shown in Figure 7B reveals that the total IFN  response contributes most 

significantly to the Dim 1 axis, whereas the RNA viral data contribute most to the Dim 2 and 

little to the Dim 1 axis. None of the measured immunological data clearly oppose to the 

virological data, indicating that IFN , anti-N and the measured anti-env Ab responses are not  
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correlates of heterologous viral protection, what was also confirmed by a Spearman analysis 

(2 by 2 analyses, not shown). The temperature at D65 data, which contributes moderately to 

Dim 1, appears to oppose to the IFN  T cell response data and these variables significantly 

anti-correlate, although to a low degree (Spearman analysis, p = 0.01, r = -0.35). The PCA 

loading of the experimental data of the vaccinated groups (excluding the controls) provided 

the same conclusions (not shown). Overall the statistics analysis of the experimental data 

shows that the level of heterologous protection, achieved in the absence of detectable NAbs to 

the MLV vaccine, is not correlated to the measured immune parameters, i.e. IFN , anti-N and 

anti-env responses.  

 

Discussion  

In this work, we show that a DNA-MLV-FL13b prime-boost strategy using plain DNA 

administered with surface EP and PJ has a slight positive effect on the IFN  T cell response 

breadth and enhances the anti-N and envelop IgG response magnitude over the ones induced 

by MLV-FL13b-only, suggesting that the prime-boost strategy has an immuno-potentiation 

effect, especially on the B arm of the response. However, this vaccine strategy did not 

improve the virological protection against a heterologous distant PRRSV strain over the one 

induced by MLV-FL13b alone.  

In our previous study, the DNA prime promoted more clearly the breadth of the T cell 

response induced by MLV-FL13b than in this present work. In that previous study, the DNA 

was combined to cationic PLGA NPs. We hypothesized that the nanoparticles may have 

enhanced the direct transfection of DCs, and whereby, may have interfered on the DC-

targeting of the antigens to XCR1 for promoting the T cell responses. However, this 

hypothesis was not confirmed, as in this experiment without NPs, we did not observe a clear 

increase in the T cell response when the PRRSV-AG had been targeted to DCs. Furthermore, 

the absence of NPs appeared to reduce the benefit of the DNA prime on the IFN  T cell 

response, whether the antigens were DC-targeted or not. We propose that NPs combined to 

DNA has a positive adjuvant effect over naked DNA, as our previous study also indicated 

(Bernelin et al, article 2) and that this adjuvant effect was needed to optimize the T cell 

response triggered by the DNA-MLV prime-boost strategy. However, the mechanisms of 

adjuvant effect of NPs remain to be investigated.  

Interestingly, naked DNA promoted the B cell response induced by MLV-FL13b, whether the 

DNA was administered with surface EP or PJ. Importantly, PJ administration was more 
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efficient than EP to achieve in vivo transfection in skin, was less inflammatory, and was as 

potent as EP to elicit anti-N IgG response (see Figure 4, D34). Needle-free jet delivery thus 

appears as a promising method to deliver DNA vaccines in pigs. Interestingly, the Priocheck 

VIA Ab response was also enhanced by the prime-boost strategy, indicating that the Ab 

response to envelop determinants was promoted by the DNA prime. Such priming could have 

been induced by the GP4GP5M chimera which includes a highly variable linear neutralizing 

epitope (Vanhee, Costers et al. 2010), or by the different PRRSV constructs through T helper 

activation. We favor this latter hypothesis as we did not detect a benefit of DC-targeting with 

the GP4GP5M chimera, whereas it was obtained with the N antigen. However the benefit of 

DC-targeting on the anti-N IgG response is less potent in the present study than in our 

previous work where NPs had been combined to DNA and delivered with EP. Again, NPs 

may have had an adjuvant effect, which has been shown to be necessary to obtain a positive 

effect of DC-targeting on the antibody and especially on the T cell responses in many 

instances (Caminschi, Maraskovsky et al. 2012, Neubert, Lehmann et al. 2014). NPs 

combination to DNA in PJ delivery would need to be evaluated as the limited injection 

volume of the device may lead to DNA/NP complexes' precipitation and the high-pressure 

delivery may lead to deformation of NPs. Other adjuvants, less compelling than NPs, should 

be considered for DNA administration with PJ, either genetic or pharmacologic adjuvants, 

such as plasmid encoding FLT3 ligand or GM-CSF or resiquimod (Tregoning and Kinnear 

2014) or RIG-I agonists produced during the DNA vaccine transcription process (Luke, 

Simon et al. 2011). This positive effect of the DNA-MLV prime boost on the antibody 

response could be used for the generation of protective antibody responses, ideally for cross-

strain protection. However, epitopes involved in the generation of broadly neutralizing 

antibodies have not yet been identified, but evidences support their existence (Robinson, Rahe 

et al. 2018).  

Few works have evaluated the advantages of a DNA prime-boost to ameliorate PRRSV 

vaccination. A DNA-inactivated PRRSV or recombinant adenovirus prime-boost improved 

the anti-GP5 response in mice (Wang, Zhao et al. 2013, Yu, Qiu et al. 2016) but this approach 

has not been translated to pigs. The DNA-MLV prime-boost with a plasmid encoding N or 

truncated N in pigs was shown to correct the negative immunomodulatory properties of a 

genotype 2 MLV, by reducing the IL-10 and Treg responses generated by MLV 

administration (Suradhat, Wongyanin et al. 2015). This strategy nevertheless did not improve 

the viral protection against a heterologous challenge with a highly pathogenic strain 

(Suradhat, Wongyanin et al. 2015). We were not able to detect IL-10 production in our 
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restimulation assays with overlapping peptides (not shown), possibly because a type 1 MLV, 

such as FL13b, was not able to induce an immunomodulatory IL-10 response at the difference 

with type 2 MLVs (Rahe and Murtaugh 2017). 

The priming with our DNA vaccines coding PRRSV-AG appeared to slightly reduce the 

increase in body temperature detected at D2 post-heterologous challenge (D65) with FL07, 

especially in the PJ groups. However, the rise in temperature induced by FL07 was very mild 

(1°C) and clinical symptoms were not detected in our Large White pigs. In the initial 

description of FL07 by one of us, the pathology of FL07 was also limited (Frydas, Trus et al. 

2015). In addition, the TCID50-equivalent copy numbers/ml in blood was lower than the ones 

in other studies with similar strains (Rose, Renson et al. 2015, Renson, Rose et al. 2017). The 

relative low viral load may explain the quite substantial protection induced with MLV-FL13b 

alone which reduced by at least five-fold the overall viremia. The efficacy of PRRSV MLV 

vaccines also depends greatly on the degree of genetic similarity between the vaccine and 

challenge strains. A genomic analysis of the ORF2-6 reveals that the amino acid homology 

between the vaccine FL13b and the challenge FL07 strains was 84.9%, and 88% for GP5, 

what illustrates that the 2 strains were heterologous. Unfortunately, we were not able to 

identify the immune parameters associated with this heterologous protection. Either we are 

missing pertinent parameters, or protection could be controlled by the combination of immune 

parameters, possibly independently of their magnitude. Finally, as reported by others 

(Balasch, Fort et al. 2018), we found that heterologous protection can be achieved in absence 

of detectable functional NAbs. Research efforts are urgently needed to further develop 

systems' vaccinology tools, in particular functional and refined biochemical antibody assays, 

to improve the control measures against PRRSV infections and other pig diseases. 

Our study reveals that a DNA-MLV prime boost strategy holds promises for the control of 

PRRSV in pigs and it opens the way to further developments. The delivery with PJ allows a 

good transfection but minimal inflammation suggesting that it should be combined with 

complementary adjuvants. The effect of other T cell antigens, such as the conserved NSP5 T 

cell antigen, should also be evaluated. Finally, although much further down the road, broadly 

neutralizing epitopes, which appear to exist but remain to be molecularly identified, could be 

expressed in DNA vaccines associated with a MLV boost including shuffled structural genes 

(Tian, Cao et al. 2017). 
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VI. Discussion et perspectives 
Les virus influenza et du PRRS sont en constante évolution génétique avec 

l’apparition de variants. Ces deux virus induisent de grosses pertes économiques dans les 

industries porcines. Nous avons cherché à développer des stratégies vaccinales qui induisent 

des réponses cross-protectrices et qui puissent être efficaces contre des variants viraux. Dans 

le cas du virus influenza, nous avons cherché à faire un vaccin universel qui induise des 

réponses anticorps contre deux protéines conservées M2e et HA2, et des réponses T contre 

NP. Dans le cas du virus du PRRS, nous avons cherché à développer un « T cell vaccine ». 

 

 Choix du modèle animal 

Dans nos deux études, nous avons testé nos vaccins dans le modèle porcin, hôte 

naturel des deux virus. Le porc partage des propriétés physiologiques, immunologiques avec 

l’homme, ainsi que des similitudes structurales de la peau. Il s’agit d’un modèle biomédical 

idéal pour évaluer l’efficacité des vaccins administrés par la peau. Toutefois, ce modèle 

présente des limites : 

- les outils analytiques (absence de connaissances des isotypes des IgG porcines, moins 

de réactifs immunologiques disponibles que chez l'homme et la souris) 

- le coût financier (achat des animaux, hébergement, conditions réglementaires et 

éthiques) 

- la planification 

Dans le cas du projet sur le PRRSV, la planification a été établie en 2014, et elle est 

soumise à des contraintes de livrables européens stricts dans le cadre du contrat et de l'agence 

d'évaluation de la recherche REA qui est très exigeante (horizon2020.gouv.fr, site). De plus, 

la planification des expérimentations animales (dates, nombres d'animaux, loges) a été 

contrainte par les réservations sur la plate-forme d'expérimentation animale de la PFIE, dès 

2015. Cette plateforme est localisée à 200 km de mon laboratoire, ce qui est également 

contraignant dans la planification. Pour des raisons financières et de respect de réglementation 

et d'éthique, nous avons donc du limiter le nombre de groupes vaccinés, et nous n’avons pas 

pu évaluer les effets-doses des vaccins, ni faire de comparaison pour évaluer l’effet des 

nanoparticules (PLGA NP) dans une même expérimentation (avec et sans), ou encore évaluer 

l’effet du GM-CSF. Ainsi, en raison des planifications établies en 2014, nous n'avons pas pu 

http://www.horizon2020.gouv.fr/
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faire d'épreuve virale dans l'article 3, ce qui est regrettable. En effet, dans cet article, notre 

stratégie ADN-MLV prime-boost a conduit à une augmentation et un élargissement des 

antigènes reconnus par la réponse lymphocytaire T par rapport au MLV ou à l'ADN seul, ce 

qui nous aurait permis d'évaluer l'effet de cette amélioration de la réponse lymphocytaire T 

sur la protection contre une épreuve hétérologue. Dans l'article 4 où l'épreuve virale était 

prévue, nous n'avons pas obtenu d'effet de notre stratégie sur la réponse lymphocytaire T, ce 

qui ne nous a pas permis de tester la stratégie « T cell vaccine » sur la protection hétérologue. 

Les porcs « Large White » d’origine anglaise ont été introduits en France au XIXème 

siècle. Cette race est particulièrement appréciée par les industries porcines par sa facilité 

d’adaptation, ses bonnes performances de reproduction et la qualité de sa viande. C’est donc 

un bon modèle d’étude. La plupart des animaux dans les industries sont le résultat de 

croisements entre les Large White, les Landrace français et le Piétrain (http://www.la-

viande.fr/animal-elevage/porc/races-porcines). Cette diversité pourrait expliquer les réponses 

variables obtenues dans nos études, notamment après le challenge par la souche Flanders 07. 

Nous n’avons pas obtenus de symptômes, comme notre collègue hollandais. Alors que des 

porcs de race belge ont induit des symptômes avec cette même souche (Frydas et al. 2015). 

Enfin, les variations entre les individus d'une même race peuvent dépendre de leur génétique 

et de leurs précédentes expériences immunes. 

 

 Choix des souches d’études 

La souche H1N1 pandémique 2009 a été choisie dans le programme ANR 

« DCskinVacFlu », en collaboration avec le Mexique, car elle venait d’émerger. Ce virus 

d’origine porcine a émergé au Mexique et aux États-Unis avant de se propager à travers le 

monde et de provoquer une pandémie (Liu et al. 2011). 

La souche Flanders 13 (13V091 ou FL13) est un PRRSV-1 sous-type 1 (Figure 14). 

Elle a été isolée en 2013 (Trus et al. 2016). En 2017, nos partenaires belges sont parvenus à 

adapter cette souche sur les cellules MARC145 et à produire une souche atténuée après 73 

passages nommée FL13b. Pour le challenge hétérologue, nous avons choisi la souche 

Flanders 07 (07V063 ou FL07) un PRRSV-1 sous-type 1 isolé en 2007 (Figure 14). 

L’homologie de séquence des acides aminés des protéines GP2, GP3, GP4, GP5 entre FL13 et 

FL07 est de κ4,5 %. Ce pourcentage d’identité est couramment utilisé pour évaluer la 

protection hétérologue (Kroll et al. 2018). 

http://www.la-viande.fr/animal-elevage/porc/races-porcines
http://www.la-viande.fr/animal-elevage/porc/races-porcines
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Figure 14 - Arbre phylogénétique de différentes souches du PRRSV-1 
Extrait de Trus et al. 2016 

 

 Choix des antigènes candidats (Ag) 

Contrairement aux publications chez la souris sur la grippe, nous n’avons pas obtenu 

de corrélat entre la protection des porcs et la réponse lymphocytaire T IFN  anti-NP chez le 

porc (MacLeod et al. 2013 ; Breathnach et al. 2006) (article 1). Une étude a même montré 

une exacerbation chez les porcs vaccinés avec des VRP (Virus Replicon Particle) qui 

expriment la NP (Ricklin et al. 2017). NP ne serait donc pas un bon candidat pour une 

vaccination universelle efficace chez le porc. Toutefois, nous avons montré que la protection 

des porcs contre le virus était corrélée avec la production d’anticorps anti-HA2 et anti-M2e. 

Ces deux antigènes sont prometteurs et encourageants pour le développement d’un vaccin 

influenza universel. Dans notre étude du PRRSV, nous avons montré une efficacité de la 

stratégie vaccinale des vaccibodies (VB)-XCL1 avec la nucléoprotéine N en prime-boost pour 

induire des réponses anticorps élevées. Au vu de ces résultats, nous pouvons proposer une 

stratégie vaccinale chez le porc avec un vaccin à ADN codant VB-XCL1-HA2/M2e suivi 

d’un rappel de HAβ/Mβe sous une autre forme vaccinale (prime-boost). 

Nos études du PRRSV ont montré que nos stratégies vaccinales et les antigènes 

candidats choisis étaient assez immunogènes pour induire des réponses lymphocytaires T 

IFN  détectables chez le porc. Nous avons dû retirer les domaines transmembranaires des 

antigènes (GP4GP5M) et prendre des antigènes dépourvus de tels domaines (N, NSP1b et 

RdRp) pour permettre la sécrétion des VB-Ag dans le milieu extracellulaire. Certains 

antigènes prometteurs n’ont pas été utilisés car leur séquence contient de nombreux domaines 

transmembranaires. Notamment, nsp5 est une protéine non structurale bien conservée entre 

les PRRSV-1 sous types 1 et γ. L’homologie de sa séquence aa est de κκ,κ % inter-souches 

PRRSV-1 et quelques PRRSV-2. (Mokhtar et al. 2014). Il s'agit d'un antigène T 

immunodominant, induisant de fortes réponses lymphocytaires T IFN  (Mokhtar et al. 

2016), elle est composée de nombreuses régions hydrophobes (Li et al. 2012). C’est pourquoi, 
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il serait très intéressant de développer un vaccin à ADN avec nsp5, seul ou en prime-boost 

avec le MLV. 

 

 Choix des stratégies d’injection 

Les types cellulaires transfectés après les différentes méthodes d’injection que nous 

avons employées, avec ou sans PLGA NP, peuvent être différents. Nous pourrions identifier 

ces types cellulaires par des techniques in-toto en microscopie confocale ou biphotonique. 

Nous avons essayé d’évaluer in situ, l’expression du plasmide mCherry injecté dans la peau 

de porc avec le Pharmajet Tropis® ou par électroporation (EP) avec ou sans PLGA NP. Les 

premiers résultats sont présentés dans la Figure 15A et montrent la transfection de cellules du 

derme. Les analyses sont en cours (article 4). 

Lors d’expérimentations préliminaires, nous avions appliqué des patches à micro-

aiguilles biodégradables (DMN) chargés au rouge Congo, et nous avions observé un transfert 

de colorant dans la peau de porc (Figure 15B). L’analyse des biopsies (κ mm de diamètre) 

prélevées au niveau des sites d ‘injection a montré que la transfection du plasmide luciférase 

injecté après application des DMN est efficace (article 2). L’efficacité de transfection des 

DMN a été aussi montrée chez la souris (Cole et al. 2018 ; Qiu et al. 2016). Nous n’avons pas 

détecté de réponses locales inflammatoires (sécrétion de cytokines ou mobilisations 

cellulaires) après application des DMN avec ou sans PLGA NP, à la différence des injections 

par EP. Ces différences de détection pourraient être dues à la dose de plasmide transféré par 

biopsie. En effet, par biopsie de 0,5 cm², nous avons en théorie 100 µg de plasmides 

transférés par EP au point d'injection, et seulement 20 µg avec les DMN car l'ADN est réparti 

sur toute la surface du DMN (9 cm²). Nous pourrions recommencer l'expérience en utilisant 

20 µg d'ADN par point d'injection avec EP pour mieux comparer les résultats avec les DMN. 

Aussi, nous n’avons pas détecté de réponses humorales IgG anti-N ou de faibles réponses 

lymphocytaires T IFN  chez les porcs DMN. Des études menées chez la souris ont montré 

que les DMN sont immunogènes et induisent des réponses humorales et lymphocytaires (Yin 

et al. 2013). Ces résultats indiquent que l’application de DMN nécessite des optimisations 

chez les grands mammifères. Nous proposons qu'il faille induire des réponses inflammatoires 

ou adjuvantes pour générer des réponses immunes avec les patches. Nous pourrions tester et 

comparer l’efficacité de différents types de patches (aiguilles dures, creuses) appliqués sur la 

peau de porc (cf. partie III.C.2.a.iv.). 
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 Les formulations PLGA NP 

Nous avons décidé de retirer les PLGA NP entre les travaux présentés dans les 

articles 3 et 4 pour plusieurs raisons. Tout d’abord, ces formulations nécessitent de procéder 

au mélange ADN et PLGA NP 30 min avant leur utilisation, ce qui n'est pas pratique. De plus, 

leur emploi compliquerait beaucoup les processus de fabrication, de contrôle qualité, 

d'enregistrement, et ajouterait un coût substantiel. Dans les travaux de l’article 3, nous 

n’avions pas observé de bénéfice de l’APC-targeting pour améliorer la réponse lymphocytaire 

T IFN  et nous avons alors émis l’hypothèse que les PLGA NP pouvaient masquer l’effet du 

ciblage. Cependant, comme le montre l'article 4, cette hypothèse n'est pas vérifiée puisque 

nous n’avons pas observé de bénéfice de l’APC-targeting sans PLGA NP. De plus, et de façon 

bien regrettable, le bénéfice du prime-boost ADN-MLV sur la réponse lymphocytaire T n'est 

plus observé en l'absence de PLGA NP. Il semblerait donc que les PLGA NP ont apporté un 

bénéfice pour « primer » la réponse lymphocytaire T. De plus, dans l'article 4, nous avions 

aussi décidé d’utiliser le PJ. Nous ne connaissons pas l’effet que peut avoir la pression 

d’injection du PJ sur les PLGA NP et le petit volume d'injection nécessite de concentrer 

l'ADN, pouvant conduire à des précipitations des PLGA NP, et ce fut déconseillé par nos 

partenaires suisses, qui fournissaient les PLGA NP dans le projet. Pour pouvoir les utiliser, il 

serait nécessaire de retravailler la chimie de la formulation PLGA NP et les rendre stables. 

Nous avions également observé lors des tests préliminaires que EP+PLGA NP n’améliore pas 

l’efficacité de transfection des cellules mais réduit le pourcentage de cDC et de LC mobilisées 

sur le site d’injection par rapport à EP seul (article 2). Nous avons alors émis l’hypothèse que 

les PLGA NP accéléreraient la migration de ces cellules vers les ganglions lymphatiques, 

suggérant un effet adjuvant. 

 

 Choix de l’utilisation des adjuvants 

Nous avons utilisé l’adjuvant CpG dans la vaccination protéique influenza par voie 

intradermique, et nous avons montré que dans la stratégie de l’APC-targeting, il n’apportait 

pas d'avantages nets à l’induction de réponses immunes chez le porc. Dans des travaux 

antérieurs, mon équipe a montré que l’utilisation d’adjuvant de type huileux comme le 

squalène pouvait empêcher le ciblage des DC chez le porc (Deloizy et al. 2017), c'est 

pourquoi ce type d'adjuvant, possiblement plus efficace, n'a pas pu être utilisé. D’autres 

adjuvants pourraient être testés tels que PAM(3)Cys (ligand de TLR1/2) ou R848 (ligand de 
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TLR7), ou des combinaisons. Toujours en raison des coûts importants expérimentaux, nous 

n'avons pas pu tester le CpG par voie intra-musculaire, voie qui a montré son intérêt avec le 

DC-targeting sur la réponse lymphocytaire T dans l'article 1. 

Nous avons utilisé l’adjuvant génique pGM-CSF connu comme étant un adjuvant 

efficace en vaccination à ADN chez le porc. Toutefois, comme décrit dans l’introduction (cf. 

partie III.D.3.), le GM-CSF peut avoir des effets divers et imprédictibles lors d’immunisation 

(en fonction de la dose notamment). Nous avons décidé de le retirer entre les travaux des 

articles 2 et 3-4 afin d’éviter les possibles interférences avec nos résultats. Toutefois, si 

d'autres expériences étaient possibles, nous pourrions proposer d'évaluer l’effet de l’APC-

targeting sans ou avec des adjuvants géniques comme le pGM-CSF, le FLT3L ou le CD40L 

chez le porc. 

 

 Choix du ciblage des APC ou des DC 

La communauté internationale s’intéresse à la stratégie de l’APC-targeting en 

vaccination mais il existe une importante différence de nombre de publications selon les virus 

étudiés. Ainsi, on compte une cinquantaine d’études qui ont exploré l’efficacité du ciblage des 

APC ou des DC contre les virus influenza et elles ont montré l'augmentation des réponses 

lymphocytaires T CD4pos et CD8pos spécifiques et lymphocytaires B, particulièrement contre 

la protéine HA, principalement chez la souris. Par contre, seulement trois publications ont été 

publiées contre le PRRSV. Une étude cible le récepteur CD169, exprimé par certains 

macrophages (cf. partie III.A.3.a.) et montre un bénéfice mineur du ciblage des APC sur 

l’élimination virale (Ooms et al. 2013). Une autre étude a montré que le ciblage du récepteur 

DC-SIGN avec l'adjuvant MPLA (ligand de TLR4) en vaccination protéique et avec la 

chimère GP4GP5M peut augmenter les réponses lymphocytaires T CD4pos spécifiques, ce 

travail ayant servi de base à notre approche (Subramaniam et al. 2014). Ensuite, la même 

équipe, en utilisant les mêmes molécules ciblées mais avec un autre adjuvant (Poly-IC) n'a 

pas reproduit les résultats, suggérant l'importance de l'adjuvant utilisé (Subramaniam et al. 

2017). Nous avons cherché à induire et étendre les réponses lymphocytaires T par la stratégie 

du DC-targeting en vaccination à ADN, mais cette stratégie n'a pas fonctionné à cet effet. Par 

contre, nous avons obtenu dans deux expériences différentes (avec et sans les PLGA NP, avec 

EP et PJ), une accélération et une augmentation de la réponse humorale IgG anti-N en prime-

boost par rapport au vaccin atténué seul (article 3 et 4). Comme décrit précédemment (cf. 
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partie III.D.β.), il semble difficile d’induire et/ou d’augmenter la réponse lymphocytaire T 

chez les grands mammifères avec la stratégie de l’APC-targeting, bien qu’il y a des réussites 

notamment dans notre stratégie vaccinale contre influenza (article 1), chez les veaux 

(Njongmeta et al. 2012) ou encore chez les moutons (Chrun et al. 2018). Nos résultats sont 

prometteurs pour développer un vaccin à ADN efficace chez les porcs mais notre stratégie 

nécessite des optimisations comme l’ajout d’adjuvant. L’effet adjuvant intrinsèque des 

systèmes EP et PJ ne sont probablement pas suffisants pour induire des réponses 

lymphocyaires T fortes. 

 

 Absence de corrélats de protection contre le PRRSV 

Nous avons pu identifier des corrélats de protection contre le virus influenza mais pas 

dans le cas du PRRSV. Toutefois, les paramètres immunologiques que nous avons mesurés 

restent limités. Nous avions tenté de les étendre au cours des expérimentations. Ainsi nous 

avons restimulé les PBMCs des porcs avec des peptides chevauchants correspondants aux 

antigènes vaccinaux en milieu de culture. Nous avons ensuite cherché à doser en multiplex les 

différentes cytokines produites (IL-4, IFNα, TNFα, IL-2, IL-8, IL-13, IL-12, IL-6, IFN , IL-

10, IL-17 et IL-1b). Nous avons également essayé de détecter la production intracellulaire 

d’IFN  pour identifier la contribution des cellules CD4pos et CD8pos à la réponse 

lymphocytaire. Dans les deux cas, nous n’avons pas réussi. De plus, nous n’avons pas réussi à 

mettre au point la détection de la translocation de CD107a pour tester l’activité CTL. Enfin, 

nos partenaires de l’ANSES de Ploufragan (laboratoire de référence du PRRSV) ont réalisé 

les analyses de séroneutralisations de nos échantillons de l’article 4 (ceux de l’article 3 sont 

en cours), mais ils n’ont pas réussi à détecter d’anticorps neutralisants, peut-être aussi parce 

que ce test n'est pas sensible, et ne permet pas de rendre compte de la neutralisation in vivo. 

Toutefois, d’autres activités biologiques pourraient participer à la protection hétérologue 

partielle que nous avons obtenue dans l'article 4, telles que l’activation du complément par 

les anticorps, l'ADCC ou bien l’ADCP (Antibody-Dependent Cellular Phagocytosis). Pour ces 

dernières, des articles indiquent que les protéines du PRRSV ne sont pas détectables à la 

surface des cellules infectées, rendant l'ADCC/ADCP peu probables, mais il faudrait vérifier 

cette considération. Tous ces tests biologiques nécessiteront des mises au point importantes et 

le développement d'outils. 
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Annexe 1 – Autres publications  

Identification of a novel Bluetongue virus in goats in Corsica in 2014 
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Fablet Aurore, Vitour Damien, Bréard Emmanuel & Zientara Stéphan 
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Bluetongue virus serotype 27: Experimental infection of goats, sheep and cattle with 
three BTV‐27 variants reveal atypical characteristics and likely direct contact 
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Porcine Alveolar Macrophage-like cells are pro-inflammatory Pulmonary Intravascular 
Macrophages that produce large titers of Porcine Reproductive and Respiratory 
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Jouneau, Olivier Bourry, Jean-Jacques Leplat, Isabelle Schwartz-Cornil & Nicolas Bertho 
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Annexe 2 – Liste des congrès nationaux et internationaux 

Janvier 2019 
Dernière assemblée annuelle du projet SAPHIR Horizon 2020, Lille, France. 
 
Septembre 2018 
6th European Veterinary Immunology Workshop (EVIW), Utrecht, Pays-Bas. 
5th European Congress of Immunology (ECI), Amsterdam, Pays-Bas. 
 
Mai 2018 
Troisème assemblée annuelle du projet SAPHIR Horizon 2020, Edimbourg, Ecosse. 
European Veterinary Vaccinology Workshop, organisé par SAPHIR Horizon 2020, H2020 
Paragone et Réseau de vaccination des vétérinaires britanniques, Edimbourg, Ecosse. 
 
Juin 2017 
Deuxième assemblée annuelle du projet SAPHIR Horizon 2020, Lelystad, Pays-Bas. 
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Mai 2016 
Première assemblée annuelle du projet SAPHIR Horizon 2020, Ghent, Belgique. 
European Veterinary Vaccinology Workshop, organisé par SAPHIR Horizon 2020, H2020 
Paragone et Réseau de vaccination des vétérinaires britanniques, Ghent, Belgique. 
 

Annexe 3 – Liste des posters présentés 

Septembre 2018 
ECI et EVIW  
« A prime with naked ADN improves the immune responses induced by a modifiedlive 
vaccine against PRRSV » (prix meilleur poster EVIW) 
« “Immunogenicity of ADN vaccines delivered by patches and electroporation in pig skin » 
 
Avril 2017 
Journées des doctorants ABIES  
 « Evaluation of ADN delivery strategies for a ADN vaccination against the Porcine 
Reproductive and Respiratory Syndrome Virus (PRRSV) » 
 

Annexe 4 – Formations suivies et diplômes 

Catégorie Communication et médiation scientifique : 
Janvier 2019 
Quatrième assemblée annuelle du projet SAPHIR HORIZON 2020 
14 heures 
 
Septembre 2018 
ECI 
42 heures 
 
Septembre 2018 
EVIW  
22 heures 
 
Mai 2018 
Troisième assemblée annuelle du projet SAPHIR HORIZON 2020 
19 heures 
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European Veterinary Vaccinology Workshop, organisé par SAPHIR Horizon 2020, H2020 
Paragone et Réseau de vaccination des vétérinaires britanniques, Kent, Belgique. 
17 heures 
 
 
Mai 2018 
Rencontre doctorants-entreprise  
3 heures 
 
Juin 2017 
Deuxième assemblée annuelle du projet SAPHIR HORIZON 2020 
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Avril 2017 
Journée ABIES 
16 heures 
 
Mai 2016 
Première assemblée annuelle du projet SAPHIR HORIZON 2020 
19 heures 
 
Mai 2016 
European Veterinary Vaccinology Workshop, organisé par SAPHIR Horizon 2020, H2020 
Paragone et Réseau de vaccination des vétérinaires britanniques 
14,5 heures 
 
Février 2016 
Carnet de compétences  
2,5 heures 
 
Journée ABIES 
10 heures 
 
Décembre 2015 
Forum international professionnel des doctorants et docteurs  
7 heures 
 
Novembre 2015 
Journée ABIES  
4 heures 
 
Catégorie Enseignement et pédagogie : 
Mars 2016 
Apprendre à enseigner : communication pédagogique  
14 heures 
 
Catégorie Ethique t intégrité scientifique 
Mai β01κ Introduction à l’éthique de la recherche et intégrité scientifique  
6 heures 
 
Catégorie Formations scientifiques disciplinaires proposées par une école doctorale 
Mars 2017 
Diplôme Vaccinologie, Institut Pasteur, Paris, France. 
140 heures 
 
Septembre 2016 
Formation à l’Expérimentation Animale niveau I, Ecole Nationale Vétérinaire d’Alfort, 
Maison-Alfort, France. 
26 +  37 heures 
 
Total participation : 19 modules / 432 heures 




