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BREVET ET JOURNAL 

 

Un dépôt de brevet Européen a été effectué le 16 Février 2017 sous l’appellation 

« souche vaccinale anti-Pseudomonas aeruginosa ». 

Noms des inventeurs : Audrey Le Gouëllec, Elodie Meynet, Jean-Luc Lenormand, 

David Laurin, Bertrand Toussaint. 

Numéro de dépôt attribué : EP17305173.1 

 

L’article scientifique intitulé « Killed but metabolically active Pseudomonas 

aeruginosa based-vaccine induces protective humoral- and cell-mediated immunity 

against Pseudomonas aeruginosa pulmonary infections » est actuellement soumis au 

journal Vaccine.  

 

Un deuxième travail d’écriture sur l’étude de la métabolomique chez des souris 

infectées par une souche sauvage de Pa et/ou vaccinées par Pa MMA (cf Résultats 

complémentaires), intitulé « HR-MAS NMR-based metabolomics to predict survival of 

mice with pulmonary infections and to identify specific biomarkers », est en cours de 

rédaction. 
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ABREVIATIONS 

 

MMA  : Mort mais Métaboliquement Actif 

CFTR  : Cystic Fibrosis Transmembrane conductance Regulator 

Pa  : Pseudomonas aeruginosa  

SST3  : Système de Sécrétion de Type 3 

IPTG  : IsoPropyl-beta-D-ThioGalactopyranoside 

F508del : délétion d’une phénylalanine (F) en position 508 de la protéine CFTR 

Cl-  : Chlorure  

ADN  : Acide DésoxyriboNucléique 

UVA  : UltraViolet de type A 

CHA  : souche de Pseudomonas aeruginosa mucoïde sauvage (isolée d’un 
patient atteint de mucoviscidose du CHU de Grenoble) 

OSTAB : souche de Pseudomonas aeruginosa CHA délétée pour les   
exotoxines S et T, et délétée pour les gènes uvrA et uvrB donc rendue 
sensible au traitement photochimique 

CPA  : Cellule Présentatrice d’Antigènes 

pEi  : plasmide pEi  

PBS  : Phosphate-Buffered Saline (tampon phosphate salin) 
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INTRODUCTION 

 

La mucoviscidose  

La mucoviscidose est la plus fréquente des maladies génétiques rares dans la 

population caucasienne, avec 1 enfant touché pour 2500 naissances en Europe et 

en Amérique du Nord. C’est une maladie grave dont on ne guérit pas. La France 

compte près de 6500 patients (1). Bien que l’espérance de vie des individus touchés 

ait augmentée ces dernières années atteignant les 50 ans, notamment grâce à 

l’organisation des soins et l’avènement récent des nouvelles thérapies protéiques 

ciblées sur les mutations, la morbidité et la mortalité liées à la mucoviscidose restent 

élevées (1). 

Il s’agit d’une maladie génétique autosomique récessive due à des mutations du 

gène CFTR (Cystic Fibrosis Transmembrane conductance Regulator) présent au 

niveau du bras long du chromosome 7 (7q31). Six classes de mutations de ce gène 

ont été décrites, conduisant soit à une absence totale ou partielle de la protéine 

(classes I, II, V), soit à une anomalie de fonction de la protéine (classes III, IV, VI) (2). 

Plus de 2000 mutations sont décrites à ce jour parmi lesquelles la plus fréquente est 

la mutation F508del. Elle est présente chez plus de 80% des malades en France 

dont 42% sous forme homozygote (deux copies) (1). D’un patient à l’autre, on 

observe une grande diversité d’expression clinique, tant pour l’âge d’apparition des 

premiers symptômes que pour la sévérité de l’évolution ; la sévérité de l’atteinte 

respiratoire conditionne le pronostic vital dans la majorité des cas. 
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La protéine CFTR, normalement présente au niveau de la membrane apicale des 

cellules épithéliales (arbre trachéo-bronchique, canaux biliaires et pancréatiques, 

cryptes intestinales, tubules rénaux, appareil génital, glandes sudoripares), qui 

intervient dans la régulation du transport des ions Cl- au niveau de la membrane 

cellulaire, se comporte comme un 

canal chlorure (Cl-) qui fait sortir les 

ions Cl- de la cellule. Ce canal étant 

défectueux dans la mucoviscidose, la 

rétention dans la cellule des ions Cl- 

empêche la sortie passive 

concomitante d’eau et entraine une 

déshydratation des sécrétions rendant 

ainsi le mucus épais et visqueux à la partie apicale de la cellule (Figure 1). 

La viscosité anormalement élevée du mucus, en réduisant l’efficacité de la clairance 

muco-ciliaire (mécanisme par lequel les particules inhalées supérieures à une 

certaine taille sont propulsées vers les voies digestives), permet l’adhérence des 

bactéries à l’épithélium bronchique et favorise ainsi les infections endobronchiques 

chez les patients atteints de mucoviscidose dès leur plus jeune âge. La répétition des 

infections respiratoires aiguës conduit à des variations quantitatives mais surtout 

qualitatives du microbiote des voies aériennes inférieures (3), ainsi qu’à une 

inflammation chronique des bronches aboutissant progressivement à leur 

remaniement et leur obstruction (4). La dysbiose ainsi créée contribue à l’émergence 

de bactéries pathogènes opportunistes présentes à l’état physiologique au sein du 

microbiote concerné, tel que Pseudomonas aeruginosa.  

Figure 1. Protéine CFTR défectueuse dans la 
mucoviscidose à l’origine d’un mucus épaissit. 
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Pseudomonas aeruginosa (Pa) 

Pa n’est pas un commensal habituel des voies aériennes de l’homme. En effet, le 

taux de portage oropharyngé est généralement inférieur à 5% (5). Pourtant dans la 

mucoviscidose Pa est de loin l’agent pathogène le plus important (Figure 2) avec 

jusqu’à 80% de patients adultes infectés au moins une fois pendant une période d’un 

an (6). Son acquisition est considérée comme un tournant évolutif dans l’histoire de 

la maladie et associée à un mauvais pronostic clinique (7–9). Il s’agit d’un bacille 

Gram négatif opportuniste, aérobie, ubiquitaire vivant dans les sols et en milieu 

humide. Son très large génome de 6,3 Mpb lui offre la possibilité d'une capacité 

extraordinaire à s'adapter à de multiples environnements différents, y compris les 

voies respiratoires des patients atteints de mucoviscidose.  

Figure 2. Agents infectieux retrouvés chez les patients atteints de mucoviscidose en fonction de 
l’âge. D’après Gibson et al. Am. J. Respir. Crit. Care Med. Oct 15, 2003. 
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L’éradication de cette bactérie est difficile du fait de l’acquisition de mécanismes de 

résistance aux antibiotiques d’une part, et de sa capacité à s’adapter à son hôte 

d’autre part. Alors que les isolats précoces de Pa chez ces malades sont très 

semblables aux isolats environnementaux dans leur phénotype, les isolats retrouvés 

plus tardivement sont plus résistants aux antibiotiques et fréquemment mucoïdes 

(10,11). L’émergence de ces colonies mucoïdes est causée par l’hyperproduction 

d’alginate, considéré comme un marqueur de transition vers une infection chronique 

(10). Le biofilm, entretenu par les signaux de quorum-sensing (signaux de cellule-à-

cellule basés sur la notion de « perception du quota »), protège efficacement les 

bactéries des cellules phagocytaires très abondantes dans les sécrétions 

bronchiques et diminue sensiblement l’efficacité bactéricide des antibiotiques 

(7,12,13). Ainsi, l’alginate favorise le développement d’une sous-population 

bactérienne tolérante aux antibiotiques et entraine l’apparition d’infections chroniques 

à Pa chez ces patients. 

A l’heure actuelle où Pa est le 2ème agent pathogène à combattre du fait d’un niveau 

de résistance critique aux antibiotiques (14), il semble indispensable de s’orienter 

vers le développement d’une stratégie vaccinale. Cela permettrait d’une part une 

épargne considérable en antibiotiques et ainsi une diminution de la dysbiose en 

maintenant une composition optimale du microbiote pulmonaire. Cela permettrait 

d’autre part de prévenir la primo-infection à Pa chez les jeunes patients atteints de 

mucoviscidose et d’éviter ainsi les colonisations et infections chroniques. 

Vaccination anti-Pseudomonas aeruginosa 

Malgré plus de 40 ans de recherche et d’essais cliniques jusqu’en phase III, aucun 

vaccin n’est actuellement disponible sur le marché (15–21). 
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Des vaccins acellulaires recombinants ciblant différents antigènes de Pa ont 

initialement été testés (18,21). Ceux ciblant le lipopolysaccharide ont été montré 

comme immunogènes et protecteurs mais uniquement vis-à-vis de souches 

infectantes identiques aux souches vaccinales testées du fait d’une grande 

hétérogénéité, avec un coût et une complexité de production importante, et non 

retenus chez l’homme du fait de leur toxicité (22–24). Un vaccin ciblant le flagelle a 

montré une faible mais significative diminution des infections à Pa dans une grande 

étude randomisée de 2007 (25), mais la compagnie impliquée dans la production de 

ce vaccin (Autriche) a stoppé la production avant la fin de l’étude (18). D’autres 

vaccins anti-flagelle ont été testés mais abandonnés du fait de l’apparition de 

souches de Pa sans flagelle (26). Les vaccins ciblant les protéines de la membrane 

externe OprF et OprI testés jusqu’en phase II sont prometteurs du fait de leur forte 

immunogénicité, de leur expression quasi constitutive et leur lien avec la virulence 

(27), et du peu d’effets indésirables qu’ils entrainent, mais des études cliniques 

contrôlées supplémentaires sont requises (28). Des vaccins ciblant les protéines 

PcrV du système de sécrétion de type 3 (SST3) augmentent la survie des souris 

infectées par Pa et diminue l’inflammation et les lésions pulmonaires liées à ces 

infections (29), mais n’ont pas encore été testés en clinique. Des vaccins basés sur 

des vecteurs viraux tel que OprF/adénovirus engendrent une réponse humorale 

spécifique et protectrice chez la souris mais n’ont pas encore été testés chez 

l’homme (30). Quant aux vaccins tués, ils sont sûres d’utilisation et permettent 

d’engendrer une réponse immune contre de nombreux antigènes, mais n’entrainent 

pas d’immunité à long terme (31). 

De ce fait, différentes équipes se sont tournées vers le développement de vaccins 

vivants atténués afin de se rapprocher au mieux de la grande variabilité antigénique 
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de Pa. Ces vaccins se sont montrés particulièrement intéressants de par la forte et 

vaste réponse immune qu’ils engendrent, à la fois humorale et cellulaire (32–35). Il 

apparait en effet que l’activation de la voie Th17 est indispensable pour obtenir 

l’éradication de Pa (36), et des protéines de Pa ont été identifiées comme 

pourvoyeuses d’une sécrétion importante d’IL-17 telles que PopB, FpvA, FptA, OprL 

and PilQ (35). Ces données suggèrent donc l’intérêt de développer un vaccin 

candidat impliquant de multiples effecteurs de l’immunité, parmi lesquels la voie 

Th17, en plus d’une production d’anticorps dirigés contre certains antigènes 

spécifiques de Pa. Mais de nos jours ces vaccins vivants atténués conservent une 

virulence résiduelle non compatible avec leur utilisation en vaccination humaine. 

C’est pourquoi nous nous sommes intéressés à une stratégie d’atténuation encore 

plus sûre de ces formes atténuées de pathogènes virulents : les bactéries Mortes 

mais Métaboliquement Actives (MMA). 

Le concept de bactéries mortes mais métaboliquement actives : une assurance 

pour la vaccination 

Il s’agit d’une stratégie d’atténuation de la bactérie vivante par un traitement 

photochimique qui la rend « morte » puisque incapable de se répliquer chez son 

hôte, tout en restant « métaboliquement active » puisque ses gènes peuvent encore 

être exprimés ce qui lui permet de conserver ses propriétés essentielles de bactérie 

vivante et ainsi d’exprimer des effecteurs qui pourront correctement stimuler le 

système immunitaire. Ce traitement pourrait donc être à la fois un gage d’assurance 

concernant le risque infectieux et un gage d’efficacité de la réponse immune induite. 
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La première bactérie MMA comme vecteur vaccinal a été décrite par Brockstedt et al. 

en 2005 avec l’utilisation de Listeria monocytogenes (37). La délétion des gènes uvr 

A et B, impliqués dans les systèmes de réparation de l’ADN, rend la bactérie sensible 

à l’amotosalen (38). Cette molécule crée des pontages au niveau de l’ADN de la 

bactérie rendus permanents après traitement aux UVA ce qui empêchent la bactérie 

de se répliquer (39) (Figure 3).  

 

 

 

 

 

 

 

 

Il a été démontré que cette approche vaccinale innovante basée sur la souche 

Listeria monocytogenes suscite une réponse cellulaire T qui est protectrice dans un 

modèle murin d’infection et qui fournit un bénéfice thérapeutique dans un modèle 

murin de cancer (40). D’autres études ont décrit l’utilisation du concept de bactéries 

MMA comme vaccins dérivés de formes atténuées de pathogènes virulents, tels que 

pour la leishmaniose viscérale et le bacille de l’anthrax (41,42).  

Cette technologie pourrait donc être appliquée à la souche Pa et envisagée comme 

un « nouveau paradigme vaccinal » dans lequel l’innocuité d’un vaccin inerte et la 

puissance d’un vaccin vivant seraient combinés.  

Figure 3. Méthode d’atténuation de la bactérie MMA. 
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Un mutant de Pseudomonas aeruginosa (Pa), délété pour les gènes uvrAB (ΔuvrAB) 

nommé OSTAB, dans lequel la plupart des exotoxines de Pa sont naturellement 

absentes (ExoU) ou supprimées par délétion de gènes (ΔexoS, ΔexoT) a déjà été 

développé au laboratoire et breveté (WO2013087667 A1) (43). Il a été démontré que 

Pa MMA est capable de délivrer in vitro différents antigènes aux cellules 

présentatrices d’antigènes (CPA) via son SST3 avec une cytotoxicité 

considérablement diminuée au regard des CPA comparé à un simple vaccin vivant 

atténué (43). De plus, il a été montré dans un modèle tumoral que Pa MMA conserve 

sa capacité à induire une réponse immune cellulaire cytotoxique spécifique des 

antigènes de la tumeur (43,44) et une réponse mémoire à long terme (45). 

Dans cette étude, nous rapportons la construction d’un vaccin Pa MMA à partir de la 

souche OSTAB modifiée par ingénierie avec le plasmide pEi pour forcer l’expression 

du SST3 à la surface de la bactérie dans le but d’induire une immunisation et une 

protection plus importante contre le pathogène Pa. Le SST3 est un des principaux 

facteurs de virulence de Pa ressemblant à une micro seringue insérée dans la 

membrane de la bactérie (Figure 4) et capable d’injecter différentes toxines dans les 

cellules hôtes. Il a été montré récemment que cette micro seringue pouvait être 

« détournée » pour injecter des protéines d’intérêt (44). C’est ainsi que le plasmide 

pEi qui contient le gène exsA codant le principal activateur du SST3, sous le contrôle 

d’un promoteur inductible à l’IPTG (ptaq), permet de stimuler la synthèse du SST3 à 

la surface de la bactérie Pa MMA grâce à l’adjonction d’IPTG lors de la culture 

bactérienne (Figure 4).  
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Figure 4. Système de sécrétion de type 3 de Pseudomonas aeruginosa ressemblant à une « micro 
seringue » avec à son sommet les protéines PcrV et PopB. La méthode d’atténuation MMA a été 
appliquée sur la souche OSTAB transformée avec le plasmide pEi afin de détourner cette « micro 
seringue » pour délivrer des antigènes d’intérêt dans la cellule hôte. L’ajout d’IPTG pendant la culture 
bactérienne permet de booster le SST3 à la surface de la bactérie. 
OM: outside membrane; IM: inside membrane; PG: proteoglycan; LPS: lipopolysaccharide. 
 

PcrV 
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Objectif de l’étude 

Nous souhaitons démontrer ici que le vaccin Pa MMA + IPTG est sûre d’utilisation et 

confère une immunité protectrice humorale et cellulaire lors d’une infection 

pulmonaire létale à Pa dans un modèle murin. Cette étude est la preuve de concept 

pour le développement d’un nouveau vaccin anti-Pa capable d’engendrer une plus 

grande immunité que les vaccins recombinants et vivants atténués testés jusqu’alors. 

Nous avons par ailleurs la capacité de modifier la souche vaccinale afin qu’elle 

exprime fortement certains effecteurs bénéfiques en vue d’une meilleure réponse 

immune, tels que les protéines du SST3 (PopB, PcrV) ou les porines OprF et OprI.  
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Abstract 

Pseudomonas aeruginosa (Pa) is responsible for an important morbidity and 

mortality especially in cystic fibrosis patients. Its eradication is difficult because of a 

huge phenotypic adaptability and the development of antibiotic resistances. After the 

failure of several recombinant vaccines which solicit only humoral response, live-

attenuated vaccines pay attention thanks to their ability to elicit a broad immunity with 

both humoral- and cell-mediated responses, indispensable to fight against this 

pathogen. In this study, we developed an innovative and safer live-attenuated Pa 

vaccine based on killed but metabolically active (KBMA) attenuation method. This 

KBMA Pa presented here, has been further rationally designed to overexpress 

beneficial effectors exemplified here by overexpression of the type 3 secretion 

system apparatus. We demonstrate that KBMA Pa elicit a high and broad humoral 

response in mice against several antigens of particular interest such as OprF and 

PcrV proteins. Moreover, we assess cytokines in the serum of immunized mice and 

we show that KBMA Pa elicit Th1, Th2 and especially Th17 pathways of cell-

mediated immune response. Th17 pathway involvement is also confirmed after 

specific stimulation of helper T cells in immunized mice. Finally, we show that this 

vaccine is safe and has a protective efficacy in a murine acute pulmonary infectious 

challenge. In conclusion, KBMA Pa is a new platform with high potential for the 

development of a vaccine against Pa. 

 

Keywords 

Vaccine, Killed but metabolically active, infectious disease, Cystic fibrosis, 

Pseudomonas aeruginosa, Th17. 
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1. Introduction  

Cystic fibrosis (CF) patients have disturbed primary lung defenses and rapidly suffer 

from pulmonary infections with different bacteria. Pseudomonas aeruginosa (Pa) is 

by far the most significant pathogen in CF adults and seems to lead to pulmonary 

infections [1, 2]. The acquisition of this microorganism is associated with poor clinical 

outcome [3-6]. Curative treatments such as antibiotics are not sufficient to eradicate 

P. aeruginosa because it displays intrinsic multidrug resistance and has a 

tremendous capacity to acquire further resistance mechanisms [7, 8]. Moreover, 

during chronic infections it can sometimes adopt a mucoid phenotype and is also 

thought to adopt a biofilm-like mode of growth, resulting in protection from host 

immune system and antibiotic attack [9]. Thereby, the best way to limit morbidity of 

Pa in CF would be to develop a vaccination strategy that would limit chronic 

colonization of CF lungs by Pa, reduce acute exacerbation frequency and maintain 

an optimal composition of pulmonary microbiota. 

But after 40 years of research and clinical trials up to phase 3, no biotechnology 

company has met the challenge of achieving a safe, immunogenic and effective 

vaccine against Pa. It has been broadly discussed that only a vaccine which would 

cause both humoral- and cell-mediated immune responses would be protective and 

could help to neutralize or eliminate Pa [10-16]. Subcellular recombinant vaccines 

have already been tested targeting different candidate antigens (lipopolysaccharide, 

alginate, flagellum, type 3 secretion system (T3SS) with PopB and PcrV, or porins 

OprF and OprI). However despite numerous clinical trials, these vaccines failed to be 

protective for CF patients mainly because of the phenotypic plasticity of Pa but also 

because clinical trials were not properly designed [17]. Thereby, live-attenuated 

vaccines began to be developed to closely mimic the huge antigenic variability of Pa, 
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and appeared to be particularly interesting by the strong and broad range of immune 

responses they can elicit including localized mucosal as well as systemic humoral- 

and/or cell-mediated immunity as for Pertussis vaccine development [18-21]. Th17 

pathway has been proven to be essential to obtain the eradication of Pa [22] and 

some proteins of Pa have been identified as being able of causing a high secretion of 

IL-17 such as PopB, FpvA, FptA, OprL and PilQ [21]. Therefore, the purified PopB 

protein which belongs to the translocon of the T3SS generates a strong Th17 

response which contributes to the increasing clearance of Pa in lung and spleen after 

challenge. Thus a new vaccine candidate that would lead to humoral production 

against LPS and other antigens, ideally from all the bacterium, for antibody 

opsonization and at the same time that would stimulates cellular immune effectors, 

among which Th17, would be of major interest. But nowadays live-attenuated 

bacteria retain sufficient virulence to make them unacceptable for human vaccines. 

Therefore, our recent efforts were concentrated to develop safer strategies of use of 

these attenuated forms of virulent pathogens. Killed But Metabolically Active bacteria 

(KBMA) as vaccine vector have been considered first by Brockstedt et al. in 2005 

using Listeria monocytogenes [23]. Briefly, the deletion of two uvr genes (A and B) 

coding for Exonucleotidase A and B subunits, which are involved in DNA repair 

systems, renders bacteria sensitive to psoralen-induced DNA crosslinking [24]. 

Consequently, the ΔuvrAB nucleotide excision repair mutant cannot replicate after 

photochemical treatment (PCT) because of the presence of infrequent and randomly 

distributed crosslinks of DNA [25] (Fig. S1). However, bacterial genes can still be 

expressed, a fact that allows KBMA bacteria to retain the essential properties of live 

bacteria without the ability to proliferate. This innovative vaccine approach based on 

L. monocytogenes strain has been demonstrated to elicit T-cell responses, to protect 
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mice against virus challenge in an infectious disease model and to provide 

therapeutic benefit in a mouse cancer model [26]. Other studies described the use of 

the KBMA concept as vaccines derived from attenuated forms of virulent pathogens, 

such as for visceral leishmaniasis and for Bacillus anthracis [27, 28]. Thus, this 

technology could be applied to P. aeruginosa strain and envisioned as “a new 

vaccine paradigm” in which the safety of a killed vaccine and the potency of a live 

vaccine are combined. A ΔuvrAB deletion mutant (named OSTAB) in which all of the 

major secreted exotoxins of Pa are naturally absent (ExoU) or suppressed by gene 

deletion (ΔexoS, ΔexoT) was previously developed and we showed that KBMA Pa 

has the potential to deliver heterologous antigens to human antigen-presenting cells 

(APCs) in vitro via T3SS with considerable attenuated cytotoxicity toward APCs as 

compared with the wild-type vector [29]. Furthermore, KBMA Pa anti-tumor vaccine 

conserved its capacity to induce a tumor associated antigen-specific cytotoxic cellular 

immune response [29, 30] and a long-term memory response [31]. In this study, we 

report the construction of engineered KBMA Pa vaccine with pEi plasmid to force the 

expression of T3SS at the surface of Pa in order to induce immunization and 

protection against the virulent Pa. We demonstrated that KBMA Pa +IPTG vaccine is 

safe and provides protective humoral- and cell-mediated immunity against lethal Pa 

challenge in mice. This study is a proof of concept for the development of the new Pa 

vaccine that elicits a greater breadth of immunity than existing subunit vaccines. 

 

2. Materials and Methods 

2.1. Bacterial strains, plasmids and media 

The bacterial strains and plasmids used in this work are listed in Table S1. The 

photochemical sensitive strain OSTAB mutant was previously generated from the Pa 
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strain CHA-OST [32] by deleting uvrA and uvrB genes by Cre/lox-based mutagenesis 

[33]. The strain is transformed with pEi plasmid (GenBank accession number 

JQ733380). Media used for bacterial cultures were Lysogeny broth (LB, Miller) and 

Pseudomonas isolation agar (PIA, Difco™, BD). Whenever it is cited, carbenicillin 

(Cb) concentration was used at 300µg/mL, IPTG at 0.5mM. 

 

2.2. Preparation of bacterial strain for immunization 

Frozen bacterial stocks of OSTAB pEi strain were grown overnight in LB containing 

Cb, at 37°C, 300 rpm. After washing the overnight culture twice with 1mL LB, 

bacteria were resuspended in culture at an optical density at 600nm (OD600) of 0.2 

in LB containing either Cb (condition KBMA Pa) or Cb+IPTG (condition KBMA 

Pa+IPTG) until the OD600 reached a value of 0.5.  Inactivation of bacteria was then 

obtained using the photochemical treatment: after the addition of 10µM of 

amotosalen (a gift from EFS Grenoble, France) in the culture medium and when the 

OD600 reached a value of 1, bacteria are subjected to illumination with UVA 365nm 

(7,2J/cm²) during 40 minutes, as previously described [29]. Concentrations were 

adjusted spectrophotometrically and confirmed retrospectively by colony-forming 

units (CFU) counting on PIA at 37°C. 

 

2.3. Immunization of mice  

We used female C57Bl/6J mice as they are known to be susceptible to chronic 

bronchopulmonary Pa infections and able to produce high antibody levels [34, 35]. 

Mice were purchased at an age of 6-8 weeks from Janvier SA (Le Genest-Saint-Isle, 

France) and were kept under specific pathogen-free conditions in the PHTA animal 

facility at the University of Grenoble Alpes (France). All animal experiments were 
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performed in accordance with institutional and national guidelines. All efforts were 

made to minimize suffering to the animals. All mice were anesthetized (isoflurane) 

and inoculated three times at 2 weeks’ interval by injecting 100 µl of the vaccine 

preparation subcutaneously (s.c) with Insulin syringe Ultra-FineTM Needle 8 mm x 31 

G (Becton Dickinson, Franklin Lakes, New Jersey, USA) in the right flank. Escalating 

doses of 1 x 10⁸  CFU/mouse, 2 x 10⁸  CFU/mouse and 2 x 10⁸  CFU/mouse were 

administered at 14 day intervals. 

 

2.4. Evaluation of the humoral response  

Anti-PcrV and anti-OprF specific antibodies were assessed by enzyme linked 

immunosorbent assay (ELISA) using Nunc MaxiSorp® flat bottomed 96-well plates 

(Dutscher, France) coated overnight at 4°C with 5µg/mL of recombinant proteins as 

antigens in 0.01M phosphate buffered saline (PBS), pH 7.4. For that, we have 

produced and purified the recombinant PcrV protein (from the clone BL21(DE3) 

pET15b-PcrV [36] a gift from Grenoble CEA, France), and the OprF porin in a 

proteoliposome [37]. The plates were blocked with 2% BSA for 1 hour. Serial sera 

dilutions were added to each well and incubated for 1 hour. Following three washes 

with PBS containing 0.5% Tween 20, a peroxidase-conjugated sheep anti-mouse IgG 

(Sigma-Aldrich) diluted 1: 1,000 in PBS was added and incubated for 1 hour. Then, 

100µL of 3,3’,5,5’-tetramethylbenzidine (TMB) solution was added to each well, 

incubated for about 15 minutes in darkness, and then an equal volume of stopping 

solution (1N H₂SO₄) was added. Optical density at 450nm was measured with a 

microplate reader (TriStar Berthold Technologies). For the interpretation of the 

results, a positive threshold corresponding to the upper limit of the negative controls 
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was fixed (sum of the average of the negative controls plus three times the standard 

deviation). 

 

2.5. Evaluation of the cell-mediated immune response  

Multiplex bead-based immunoassay: determination of immune mediators 

Retro-orbital blood sampling (200 μl) from PBS-, KBMA Pa+IPTG-immunized mice 

(n=5) were collected in eppendorf tubes at 1, 7 and 21 days post immunization (p.i.) 

and after clotting were centrifuged at 1,500g for 10 minutes at 4 °C. Serum samples 

were stored at −20 °C. Samples were frozen and thawed only once. A mouse 

cytokine 23-Bio-Plex assay kit was used to perform measurements (Bio-Rad). IL-1α, 

IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, Kc, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, 

Eotaxin, G-CSF, GM-CSF, IFN-γ, MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α 

were measured using Luminex xMAP technology according to the manufacturer’s 

instructions (BioRad Laboratories, Hercules, CA) and as previously described [29]. 

Plate was read on Bio-Plex MAGPIX™ Multiplex Reader and analyzed with the 

software Luminex Xponent and Graph Pad Prism. 

 

Cytokine production by KBMA Pa vaccine-elicited specific-T cells 

At day 5 p.i. spleens of mice were recovered and dissociated into single-cell 

suspensions by mechanical dissociation in C Tubes on gentleMACS dissociator 

(Miltenyi Biotec). Splenocytes were harvested for ex vivo restimulation by syngenic 

DC2.4 cell line (a kind gift from APcure SA, Grenoble) which is professional antigen-

presenting cells (APCs). Prior to co-cultivation, DC2.4 APCs were exposed to KBMA 

Pa during 1 hour to capture antigens. Then the APCs were washed and cultured 

overnight for antigen processing in RPMI 1640 medium supplemented with antibiotics 
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(20 µg/mL ciprofloxacin and 50 µg/mL gentamicin) and 10 % fetal bovine serum 

(FBS). The activated APCs were counted and used to stimulate 2 x 106 spleen cells 

at a ratio of 1 DC2.4 to 10 spleen cells. APCs not exposed to the bacteria were used 

as control to measure the background responses by helper T cells. The spleen cells 

and APCs were cocultured for 6 hours in the presence of 1 μg/mL brefeldin A protein 

transport inhibitor (BioLegend). Next, the cells were labeled with the Live/Dead 

Fixable Dead Cell Stain Kit (Invitrogen) and surface-labeled by anti-CD4 (RM4-5, 

BioLegend) and anti-CD3 (145-2C11, BD Biosciences) specific antibodies. Next the 

cells were washed, fixed and permeabilized for intracellular labeling with 

CytoFix/CytoPerm buffer (BD Bioscience) and washed in PermWash solution 

according to manufacturer’s preceding. Fixed/permeabilized cells were resuspended 

in PermWash buffer for intracellular staining with specific anti-mouse IFN-γ 

(XMG1.2), IL-17 (T TC11-18H10.1) and TNF-α antibodies (MP6-XT22) (all from 

BioLegend). Unspecific stimulation with 20 ng/mL phorbol 12-myristate 13-acetate 

(PMA) + 1 μg/mL ionomycin (iono) were used to measure the total helper T cells 

producing IL-17 defining the Th17 subtype and IFN-γ but not the IL-17 defining the 

Th1 subtype and the TNF-α production. Samples were acquired on a FACSCanto II 

(BD Biosciences) and analyzed using Diva dedicated software. 

 

2.6. Body weight measurement of mice 

To evaluate the toxicity of KBMA Pa in vivo, immunized and unimmunized mice were 

weighed weekly for 8 weeks. The behavior of mice was observed every 2 days and 

weight measured every 7 days.  

 

2.7. Acute Pa lung infection challenge  
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Frozen bacterial stocks of CHA strain (Table S1) were grown overnight in LB medium 

at 37°C, 300 rpm. After washing the overnight culture with 1 mL LB, bacteria were 

inoculated in LB at an OD600 of 0.2 and grown until an OD600 of 1.5-1.8 at 37°C, 

300 rpm. Bacteria were resuspended in PBS. Concentrations were adjusted 

spectrophotometrically and confirmed after overnight growth on PIA at 37°C. Acute 

pulmonary infection challenge was performed on mice by placing 20µL of this 

bacterial suspension on each nostril (40µl/mouse; 5 x 10^6 CFU/mouse) three weeks 

after the last immunization boost. Animal health was recorded and mice were 

euthanized if necessary according to different clinical signs based on the mouse 

grimace scale recently published [38].  

 

2.8. Statistical analysis 

Statistical analysis on mice data were generated by the Graph Pad Prism 7 for 

Windows (Graph Pad Software, La Jolla California USA). Tests undertaken were t 

test non-parametric unpaired analysis (Mann-Whitney) and Log-rank test.  

 

3. Results and Discussion 

3.1. Vaccination with KBMA Pa induces broad humoral responses in mice  

To further evaluate vaccine potential of the KBMA Pa, we vaccinated mice s.c 3 

times every 14 day intervals and sera were harvested 3 weeks p.i. All immunizations 

in 6-8 weeks’ year’s old mice were done without adjuvants. We used KBMA Pa 

transformed with the pEi plasmid containing an episomal copy of the gene exsA, 

coding for the major activator of T3SS [39], under the control of an isopropyl β-D-1-

thiogalactopyranoside (IPTG)-inducible promoter (ptaq) [29] (Fig. S2). When 

cultivated in presence of IPTG, this plasmid warrants the controlled formation of a 
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pre-assembled T3SS needle and hence of all the proteins of T3SS apparatus 

comprising PcrV, before bacterial injection into the host. In immunized mice, KBMA 

Pa+IPTG elicited a significant anti-PcrV antibody titer (1/16,000) (p=0.0011) 

compared to PBS control (Fig. 1A), while KBMA Pa did not (p=0.9591). KBMA Pa 

and KBMA Pa+IPTG elicited both a significant anti-OprF antibody titer (1/4000) 

(p=0.0015 and p<0.0001 respectively) compared to PBS control (Fig. 1B). Thus, the 

addition of IPTG during the preparation of the vaccine allows an efficient 

immunization which results in a yield of anti-PcrV and anti-OprF specific antibodies 

significantly higher. And it has already been shown that high anti-PcrV titers can help 

to protect against virulent Pa infections [40-42]. OprF, is also a major virulence factor 

of Pa and above all is antigenically related among all serotypes [43, 44]. As we used 

whole Pa bacteria as vaccine vector, it allows the presentation of the entire antigenic 

repertory to host immunity, supposed to be close to what occurs during Pa infections. 

In conclusion, we showed here that KBMA Pa +IPTG vaccine elicits a humoral 

immune response against several relevant antigens of Pa.  

 

3.2. Vaccination with KBMA Pa induces cell-mediated immune responses in 

mice but after 21 days p.i inflammation is resolved 

Based on results presented above, KBMA Pa +IPTG induced humoral- mediated 

immune response. Therefore, this vaccine was further assessed for the cellular-

mediated immune response. Following the same scheme of vaccination as before, 

mice (n=5) were immunized and sera were collected at days 1, 7 and 21 post 

immunization (p.i) with KBMA Pa+IPTG vaccine. The balance between Th1 (IFN-g, 

TNF-a, IL-12), Th2 (IL-4, IL-5 and IL-10) and Th17 (IL-17) cytokine responses to 

immunization and hematopoiesis-related chemokines (GM-CSF, G-CSF, MCP-1, …) 
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were assessed by xMAP technology. Among the 23 cytokines and chemokines 

analyzed, high levels of IL-12p70, IL-6, IL-17, GM-CSF, G-CSF, IL-5, IL-10, IL-13, 

TNFα, MIP-1b and MCP-1 were observed at days 1 and 7 (p<0.0005) (Fig. 2).  

One day p.i., levels of G-CSF and MIP-1b were very significant (p<0.0001). Levels of 

IL-17 (p<0.0001), TNFα (p<0.0001), KC (p<0.0001), IL-13 (p<0.0001), MCP-1 

(p<0.0001) and levels of IL-12p70 (p<0.0005), IL-6 (p<0.0005), GM-CSF (p<0.0005) 

and IL-10 (p<0.0005) were significantly higher in KBMA Pa+IPTG immunized mice 

than in unimmunized mice.  

Interestingly, at day 7 p.i. levels of IL-17 were highly detected (p<0.0001) as well as 

levels of TNFα and MIP-1b (p<0.0001 for both). We also detected the presence of IL-

12p70 (p<0.0001), G-CSF (p<0.0001), INFɣ (p<0.0001), IL-13 (p<0.0001), IL-1α 

(p<0.0005) and MCP-1 (p<0.0001) and increased levels of IL-6 (p<0.0005), GM-CSF 

(p<0.0005), IL-5 (p<0.0005), IL-10 (p<0.0005), and MIP-1a (p<0.0005) in immunized 

mice.  

At day 21 p.i., all cytokine and chemokine levels in immunized mice went back to the 

normal, attesting the end of the immune response.  

Therefore, we demonstrated here that KBMA Pa vaccine elicited several important 

and determinant pathways of cellular response, such as Th17 (IL-17), Th1 (INF-ɣ) 

and Th2 (IL-5, IL-10, IL-13). Moreover, we detected the active IL-12 (IL-12p70), a 

cytokine produced by APCs that is essential for the differentiation, proliferation, and 

maintenance of Th1 responses and involved in cytotoxicity mediated by NK cells and 

T cells. These immunity pathways, and particularly Th17 pathway, have been shown 

to be essential to eradicate Pa [22]. Furthermore IL-17 has also been shown to play a 

protective role during acute pulmonary Pa infection in mice [45]. Since we observed 

that KBMA Pa vaccine allows an early high rates production of IL-17 at days 1 that is 
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maintain up to day 7, the protective efficacy of the immune response can be 

expected. 

Moreover, the rational design of the KBMA Pa vaccine presented here allows the 

overexpression of beneficial effectors inducing the Th17 pathway such as PopB 

protein by the induction of the T3SS thanks to the IPTG inducible plasmid. We argue 

that it could increase this essential Th17 immune response and could benefits to the 

eradication of the pathogen. Indeed, it has been shown that PopB-immunized mice 

were protected from lethal pneumonia in an antibody-independent but IL-17-

dependent manner and PopB was shown to elicit an important Th17 response and to 

enhance the clearance of Pa from lung and spleen after challenge [21]. Thus, 

including PopB controlled overexpression to KBMA Pa vaccine seems a very 

promising way to improve the effectiveness of the vaccine candidate.  

To determine specific cell-mediated immune response generated by the KBMA 

Pa+IPTG vaccine, splenocytes were harvested from mice (n=6) at day 5 p.i and the 

frequencies of single helper T-cells, defined as CD3+CD4+, were evaluated by flow 

cytometry using cytokine intracellular staining assay (Fig. 3). We observed a 

significant increase in the frequency of Th1 (p<0.05) and Th17 (p<0.0005) helper T-

cells in KBMA Pa immunized mice compared to unimmunized mice, but no significant 

increase for TNF α producing helper T-cells (Fig. 3D). As expected, APCs which are 

not exposed to the bacteria were unable to stimulate helper T-cells from 

unimmunized mice attesting the absence of helper T-cells specific of Pa antigens in 

absence of vaccination (Fig. 3E). On the contrary, splenocytes from immunized mice 

stimulated by APCs presenting KBMA Pa antigens showed significant high 

frequencies of Th17 and TNF-α helper T-cells compared to splenocytes from 

unimmunized mice (p<0.005 and p<0.0005 respectively). The spleen T-cells from 
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immunized mice stimulated by APCs unexposed to the bacteria did not induce 

cytokine production, attesting of an absence of unspecific stimulation (Fig. 3E). We 

thus observed a helper T-cell stimulation only from mice immunized and stimulated 

by Pa. To summarize, these data confirm that KBMA Pa vaccine elicits a specific 

helper T-cell immune response with multiple pathways comprising Th17 and Th1 

subtypes and TNF-α producing helper T-cells. Taken together, the presence of 

cytokines and chemokines associated with specific stimulation of helper T cells in 

immunized mice, especially the presence of IL-17, as well as Th17 T-cells are very 

encouraging for the use of KBMA Pa vaccine as an effective vaccine to protect 

against the infectious native bacteria.  

 

3.3. Tolerance of KBMA Pa vaccine in mice 

In vitro cytotoxicity of KBMA Pa was already tested on human monocyte-derived DCs 

[29] and KBMA Pa was shown to be less cytotoxic than a lived strain, killing only 17% 

of cells at its highest multiplicity of infection (100:1). Before evaluating the vaccination 

in mice, we examined the toxicity of our KBMA Pa vaccine. There was no significant 

difference (Fig. 4) in term of weight gain between KBMA Pa+IPTG immunized mice 

and unimmunized mice (p=0.4418), although there is a slowdown in weight gain from 

day 21 which could correspond to the establishment of immunity. Thus, this general 

toxicity test in mice revealed normal weight gains following 3 injections of KBMA Pa 

vaccine. Moreover, throughout the 8-week period all animals were found to be 

healthy with no changes in their fur, eyes and behavioral patterns. We already know 

that KBMA Pa vaccine vector is less cytotoxic than a lived strain [29], and based on 

these data and observations, we showed that KBMA Pa vaccine does not affect the 

behavior of mice and seems to be well tolerated. 
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3.4. Efficacy of KBMA Pa vaccine in a lethal acute lung infection challenge 

To further evaluate the vaccine efficacy of the KBMA+IPTG Pa preparation, the 

immunized mice (n=12) were challenged via the intranasal route with the wild type 

CHA strain at the dose of 5 x 106 CFU on day 21 p.i. to evaluate protection. As 

shown in Fig 5, all unimmunized mice died from lethal infection. On the contrary, 

58,3% survival was noted in mice immunized. The first death in immunized mice 

occurred at the 48th hour after the infectious challenge and at the 150th hour, 7/12 

immunized mice (58,3%) were still alive and in good health. Therefore, we 

demonstrated that KBMA Pa vaccine allows a protective efficacy in mice, with 

significant difference compared to unimmunized mice (p<0.0001) in the lethal 

challenge. 

 

Conclusions 

We demonstrated here that KBMA Pa vaccine is immunogenic as it elicits a broad 

immune response. Firstly, humoral response is strong with high antibody titer for two 

proteins, OprF and PcrV with addition of IPTG. Secondly, cell-mediated immune 

response is broad with the activation of several pathways such as Th1, Th2 and 

notably Th17 pathway known to be necessary to eradicate Pa. KBMA Pa vaccine 

elicits a specific helper T-cell response with multiple pathways involving Th17 and 

Th1 subtypes and TNF-α producing helper T-cells.  We showed that this live-

attenuated vaccine, which cannot replicate in its host, is very promising in term of 

safety of use and has a protective efficacy in mice during an acute pulmonary 

infectious challenge. In conclusion, KBMA Pa is a major advance for the vaccination 

against Pa as demonstrated here in a preclinical murine model. 
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Figures 

Fig. 1. Polyvalent humoral response elicited by KBMA Pa vaccine. ELISAs were 

performed on sera of immunized with either KBMA Pa (n=6) or KBMA Pa+IPTG 

(n=18) and unimmunized mice (n=18) collected 3 weeks after the last immunization. 

A) PcrV and B) OprF as coated antigens. Non-parametric unpaired Mann-Whitney t 

tests were used for statistical analysis. Error bars are SEM. Positive threshold of 0.26 

for PcrV and 0.51 for OprF. **p<0.005, ****p<0.0001. OD: optical density.  
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Fig. 2. Dynamic of cytokine serum profile after last immunization with vaccine 

KBMA.  A multiplex immunoassay was performed in duplicate to determine the 

expression levels of 23 different cytokines in sera samples of immunized (n=5 per 

group) and unimmunized mice (n=15: pool of all unimmunized mice) collected at 

days 1, 7 and 21 after the last immunization. Only the cytokines that were 

significantly different from the control (*p< 0.05) are shown in mice immunized with 

KBMA + IPTG. Non-parametric unpaired Mann-Whitney t tests were used for 

statistical analysis. Scatter plots represent averages and bars mean with SD. 

*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001. D1: day 1; D7: day 7; D21: day 21 

after the last immunization. 
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Fig. 3. Specific cellular response elicited by KBMA Pa vaccine.  A) Flow 

cytometry successive gating strategy for detection of helper T cells from the spleen. 

The singlets cells without damaged membranes and thus not permeable to the 

reactive dye were considered as viable cells and gated on CD3+CD4+. B) Flow 

cytometry threshold strategy for detection of helper T cells effector activity by 

cytokine intracellular staining assay. Isotypes control antibodies were used to set-up 

the background. C and D) Unspecific stimulations with PMA/ionomycin were used to 

analyze the frequency of helper T cells producing IL-17 defining the Th17 subtype 

and IFN-γ but not the IL-17 defining the Th1. We also analyzed the TNF-α production 

by the helper T cells. C) Shows a single example of helper T cells cytokine 

production by spleen cells from not immunized mice and immunized mice. D) 

Summarize the data. E) Syngeneic DC2.4 APCs presenting KBMA Pa antigens 

(KBMA) after overnight processing were used to stimulate spleen and measure the 

helper T cells specific responses to KBMA Pa vaccine. APCs not exposed to the 

bacteria (DC Ø) were used as negative stimulating condition for background 

evaluation. D and E) Mean and SEM frequency of Th17, Th1 and TNF-α helper T-

cells is depicted for not immunized mice and immunized mice. Unpaired t test 

differences between the two groups are indicated (*p<0.05, **p<0.005, ***p<0.0005). 
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Fig. 4. Body weight of KBMA Pa unimmunized and immunized mice. Immunized 

(n=35) and unimmunized mice (n=30) were weighted weekly for 8 weeks. Non-

parametric unpaired Mann-Whitney t test was used for statistical analysis. Error bars 

are mean with SD, p=0.4418. 
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Fig. 5. Protective efficacy conferred by KBMA Pa vaccine. Intranasal infectious 

challenge with 5 x 10⁶  CFU/mouse of CHA strain were performed on KBMA 

Pa+IPTG immunized mice (n=12) and unimmunized mice (n=10), 3 weeks after the 

last immunization. Animals were then observed for survival every four hours for up to 

one week, animal health was recorded and mice were euthanized if necessary 

according to different clinical signs. Log-rank test was used for statistical analysis. 

****p<0.0001. 
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Supplementary data 

Table S1. Bacterial strains and plasmids used in this study. 

Name Relevant characteristics 

Bacterial strains 
 
CHA 
 
 
OST 
 
OSTAB2 
 
 
OSTAB2 pEiS54 
 
             
 
 
Plasmids 
 
pEiS54 
 
pET15b-pcrV 
 

 
 
Wild type, P. aeruginosa mucoid strain, CF isolate from 
CHU Grenoble  
 
CHA strain deleted for Exotoxins S and T (ΔexoS, 
ΔexoT) 
 
CHA-OST strain deleted for uvrA and uvrB genes 
(ΔuvrA::lox ΔuvrB::lox), susceptible to photochemical 
treatment 
 
CHA-OSTAB2 transformed with empty plasmid pEAi-S54 
(inducible exsA gene; secretion tag) 
 
 
 
 
 
Empty plasmid with inducible exsA gene and secretion 
tag 
 
Gift from Ina Atree (CEA, Grenoble, France) 
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Fig. S1.  Killed but metabolically active Pseudomonas aeruginosa attenuation 

method. Amotosalen molecule added during the bacterial growth targets nucleic acid 

(1) allowing a crosslink at this level (2). Ultraviolet A (UVA) illuminations generate 

permanent crosslinks (3) and thereby prevent DNA replication, making bacteria 

unable to proliferate (4).  
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Fig. S2. Type III secretion system of Pseudomonas aeruginosa. The T3SS is 

similar to a “micro syringe” passing through both bacterial membranes and able to 

penetrate in the membrane of the targeted eukaryotic cell in order to inject toxins 

directly into cytoplasm. KBMA attenuation strategy was applied on P. aeruginosa 

OSTAB2 pEiS54 strain to develop a micro syringe for antigen delivery based on the 

T3SS of this bacterium. In this P. aeruginosa strain, all of the major secreted 

exotoxins are absent (ExoU) or deleted (ΔexoS, ΔexoT). This strain has also been 

deleted for uvrA and uvrB genes (ΔuvrA, ΔuvrB), involved in DNA repair, in order to 

make it susceptible to photochemical treatment. This strain has been transformed 

with a plasmid (pEiS54) containing an episomal copy of the ExsA, the major activator 

of T3SS, under the control of an isopropyl β-D-1-thiogalactopyranoside (IPTG)-

inducible promoter (ptaq).  

OM: outside membrane; IM: inside membrane; PG: proteoglycan; LPS: 

lipopolysaccharide. 
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RESULTATS COMPLEMENTAIRES 

Un second article est actuellement en cours de rédaction concernant l’étude de la 

métabolomique chez des souris infectées par une souche sauvage de Pa et/ou 

vaccinées par Pa MMA. Cette étude a été réalisée en collaboration avec Mme 

Florence Fauvelle chercheur au GIN (Grenoble Institute Neurosciences). Le but étant 

de mettre en évidence un set de biomarqueurs de l’hôte infecté, précoces et 

pronostiques de l’état de santé du patient colonisé à Pa (Figure 1), ou également 

d’évaluer l’efficacité de nouveaux traitements anti-Pa (Figure 2). 

 

Figure 1. A/HRMAS NMR spectra of intact lung biospies of PBS and CHA infected mice. B/Score plot 
of the CHA-PBS OPLS-DA model built with HRMAS NMR spectra of mouse lung. The CHA infected 
mice (red) are clearly separated from the PBS one (blue). The model is well fitted and very robust 
(Q2=0.92) C/1D loadings of the model, drawn as S-line, showing metabolites that are increased 
(positive peaks) or decreased (negative peaks) in CHA infected lung compared to PBS. The most 
discriminant metabolites that explain the clustering in B/ have high correlation coefficient (in orange).  

Gluc: glucose; Asc: ascorbate; GPC: glycerophosphocholine; Gly: glycine; Succ: succinate; bHB: beta-
hydroxy-butyrate; Val: valine; Leu/iso: leucine/isoleucine. 
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Figure 2. Prediction of treatment efficacy. Two different experiments were performed for immunization 
of mice with KBMA Pa vaccine and lead to different performance, in term of animal survival.  
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CONCLUSION ET PERSPECTIVES 

Cette étude est la preuve de concept du développement d’une stratégie vaccinale 

anti-Pa innovante, à l’heure où Pa est considéré comme le 2ème agent infectieux à 

combattre par l’OMS du fait d’un niveau de résistance critique aux antibiotiques (14). 

Ce vaccin a été testé ici dans un modèle murin d’infection pulmonaire aiguë à Pa 

pour son efficacité protectrice et sa sécurité d’utilisation.  

Nous avons démontré que le vaccin Pa MMA est immunogène puisqu’il entraîne une 

réponse immune large nécessaire à l’éradication de Pa. Premièrement, la réponse 

humorale est forte avec un taux d’anticorps important pour deux protéines d’intérêt, 

OprF et PcrV après addition d’IPTG. Nous savons que de forts taux en anticorps anti-

PcrV protègent des infections à Pa. Nous savons également que la porine OprF est 

un facteur de virulence majeur de Pa génétiquement bien conservé dans les 

différents sérotypes de Pa. Deuxièmement, la réponse cellulaire engendrée est large 

avec l’activation de plusieurs voies de l’immunité telles que les voies Th1, Th2, et 

particulièrement la voie Th17 d’ores et déjà connue comme étant indispensable pour 

l’éradication de Pa. Le vaccin Pa MMA entraîne une réponse cellulaire T auxiliaire 

spécifique avec de multiples voies impliquant les sous-types Th17 et Th1, ainsi que 

des cellules T auxiliaires productrices de TNF-α.  

Nous avons montré que ce vaccin vivant atténué par la méthode MMA, qui est 

incapable de se répliquer chez son hôte, est particulièrement prometteur en terme de 

sécurité d’utilisation, et a une efficacité protectrice chez la souris lors d’une infection 

pulmonaire aiguë.  
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En perspectives de ce travail, il serait judicieux de pousser les investigations quant à 

la sûreté d’utilisation (le suivi du poids étant peu poussé) ou encore de 

pharmacocinétique du vaccin. Il serait également intéressant de tester des souches 

d’autres sérotypes. En effet, même si l’effet sur la réponse humorale (réponse 

anticorps dirigée contre OprF et PcrV) nous amène à penser qu’il y aura une réponse 

croisée contre des souches d’autres sérotypes, il faut valider cette hypothèse en 

testant par exemple la souche PAO1 ou d’autres. 

Enfin, pour optimiser l’efficacité vaccinale dans le but d’obtenir la réponse immune la 

plus large possible, nous avons « modifié » ce vaccin afin qu’il puisse surexprimer de 

manière contrôlée des effecteurs bénéfiques tels que PopB grâce à la présence du 

plasmide pEi. Mais à l’avenir, il serait envisageable de faire surexprimer d’autres 

antigènes d’intérêts comme OprF. 

Cette stratégie vaccinale plus sûre d’utilisation de par sa méthode d’atténuation 

innovante pourrait ainsi être extrapolée à l’humain. Il serait en effet intéressant de 

pouvoir vacciner précocement les patients atteints de pathologies respiratoires 

chroniques susceptibles aux infections pulmonaires à Pa, telle que la mucoviscidose, 

afin d’éviter un déclin accéléré et souvent fatal de leur fonction respiratoire du fait de 

ces infections opportunistes. Cette vaccination anti-Pa pourrait également s’avérer 

intéressante chez les patients chroniques de réanimation afin de pallier aux lourdes 

complications nosocomiales imputables à ce pathogène. 

En conclusion, le vaccin Pa MMA est une avancée majeure dans le domaine de la 

vaccination anti-Pa comme démontré ici dans un modèle murin préclinique. 
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RESUME 

 
Une souche de Pseudomonas aeruginosa morte mais métaboliquement active 
comme candidat vaccin induit une immunité humorale et cellulaire protectrice 
contre les infections pulmonaires à Pseudomonas aeruginosa 
Pseudomonas aeruginosa (Pa) est responsable d’une importante morbi-mortalité 
particulièrement chez les patients atteints de mucoviscidose. Son éradication est 
difficile du fait d’une grande adaptabilité phénotypique et du développement de 
résistances aux antibiotiques. Après l’échec de plusieurs vaccins recombinants 
sollicitant uniquement le versant humoral de la réponse immune, les vaccins vivants 
atténués attirent l’attention du fait de leur capacité à engendrer une immunité large 
avec une réponse à la fois humorale et cellulaire, indispensable pour lutter contre ce 
pathogène. Dans cette étude, nous avons développé un vaccin anti-Pa innovant et 
plus sûre d’utilisation basé sur une méthode d’atténuation de la bactérie la rendant 
morte mais métaboliquement active (MMA). Ce Pa MMA présenté ici, a déjà été 
« modifié » pour surexprimer des effecteurs bénéfiques amplifiés ici par 
surexpression du système de sécrétion de type 3. Nous démontrons que Pa MMA 
entraîne une forte et large réponse humorale chez la souris contre plusieurs 
antigènes d’intérêt tels que les protéines OprF et PcrV. De plus, nous évaluons les 
cytokines dans le sérum des souris immunisées et montrons que Pa MMA entraîne 
une réponse cellulaire Th1, Th2 et surtout Th17. L’implication de la voie Th17 est 
également confirmée après une stimulation spécifique de cellules T auxiliaires chez 
les souris immunisées. Pour finir, nous montrons que ce vaccin est sûr d’utilisation et 
confère une efficacité protectrice dans un modèle murin d’infection pulmonaire aiguë. 
En conclusion, Pa MMA est une nouvelle plateforme avec un fort potentiel pour le 
développement d’un vaccin anti-Pa. 
 
 
Killed but metabolically active Pseudomonas aeruginosa based-vaccine 
induces protective humoral- and cell-mediated immunity against Pseudomonas 
aeruginosa pulmonary infections  
Pseudomonas aeruginosa (Pa) is responsible for an important morbidity and mortality 
especially in cystic fibrosis patients. Its eradication is difficult because of a huge 
phenotypic adaptability and the development of antibiotic resistances. After the 
failure of several recombinant vaccines which solicit only humoral response, live-
attenuated vaccines pay attention thanks to their ability to elicit a broad immunity with 
both humoral- and cell-mediated responses, indispensable to fight against this 
pathogen. In this study, we developed an innovative and safer live-attenuated Pa 
vaccine based on killed but metabolically active (KBMA) attenuation method. This 
KBMA Pa presented here, has been further rationally designed to overexpress 
beneficial effectors exemplified here by overexpression of the type 3 secretion 
system apparatus. We demonstrate that KBMA Pa elicit a high and broad humoral 
response in mice against several antigens of particular interest such as OprF and 
PcrV proteins. Moreover, we assess cytokines in the serum of immunized mice and 
we show that KBMA Pa elicit Th1, Th2 and especially Th17 pathways of cell-
mediated immune response. Th17 pathway involvement is also confirmed after 
specific stimulation of helper T cells in immunized mice. Finally, we show that this 
vaccine is safe and has a protective efficacy in a murine acute pulmonary infectious 
challenge. In conclusion, KBMA Pa is a new platform with high potential for the 
development of a vaccine against Pa. 
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