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Résumé : Les bactéries sont des microorganismes
capables de se développer et de proliférer
indépendamment les uns des autres en milieu
liquide. Mais dés qu’une surface se présente,
biotique ou abiotique, les bactéries privilégient un
« mode de vie en communauté » pour se protéger
des agressions externes et survivre aux
environnements  hostiles. Ces biostructures,
appelées biofilms, sont présentes dans tous les
environnements naturels, y compris chez I’Homme
ol elles peuvent étre a I’origine d’infections
chroniques lorsqu’elles hébergent des germes
pathogenes. Il est aujourd’hui admis que de tels
édifices biologiques perdurent sous I’action des
antibiotiques. Outre le trés médiatique phénomeéne
de résistance qui trouve son origine dans des
mutations génétiques bactériennes, la tolérance,
guant a elle, provient des spécificités de la structure
et de la physiologie des bactéries organisées en
biofilms. C’est dans ce contexte que s’inscrit ce
travail de thése qui vise & mieux comprendre les
mécanismes sous-jacents au manque d’efficacité

d’antibiotiques  (vancomycine, daptomycine,
rifampicine) vis-a-vis des biofilms de S. aureus,
en s’appuyant notamment sur des techniques
innovantes d’imagerie a résolution micro-
nanométrique. Nous avons mis au point un
modele d’infections sur prothése vasculaire
implantable chez la souris qui a permis une toute
premiére  visualisation par imagerie de
fluorescence de biofilms formés in vivo et soumis
a I’action des antibiotiques mais aussi de montrer
leur activité limitée. Nous nous sommes ensulite
attachés a une meilleure compréhension de la
tolérance aux antibiotiques de biofilms bactériens
de S. aureus. Pour ce faire, nos études ont porté,
d’une part, sur le role de la matrice extracellulaire
et, d’autre part, sur le réle de la physiologie des
bactéries incluses en biofilm. 1l a ainsi été mis en
évidence le rdle crucial de la fluidité
membranaire. Ces travaux nous ont alors permis
de dégager des pistes pour améliorer
I’antibiothérapie ~ disponible = mais  aussi
développer des alternatives a ce type de
traitement.

Title: Towards a better understanding of clinical bacterial biofilms tolerance to antibiotics

Keywords: antibiotics, biofilms, tolerance, multimodal imaging

Abstract: Bacteria are microorganisms capable of
growing independently in liquid media. However,
as soon as they encounter a surface, either biotic or
abiotic, bacteria favour a "community living" to
protect themselves from external aggressions and
survive in hostile environments. These bacterial
communities, named biofilms, are present in all
natural environments, including humans where
they can cause severe infections when hosting
pathogenic germs. It is now accepted that such
biological edifices persist under antibiotics action.
In addition to the highly mediatized resistance
phenomenon, which is associated with genetic
mutations of bacteria, tolerance is related with the
specific structure and physiology of bacteria
organized in biofilms. In this context, we took
benefit from innovative high-resolution imaging
techniques to better understand the mechanisms

underlying antibiotics (vancomycin, daptomycin,
rifampicin)  (in)efficacy within S. aureus
biofilms. In addition, we developed a model for
prosthetic vascular graft infections in mice that
allowed the visualization by fluorescence
imaging of biofilms formed in vivo and subjected
to the action of antibiotics. Considering the very
limited antibiotics efficacy observed, we then
focused on a better understanding of S. aureus
bacterial biofilms tolerance towards antibiotics.
To this purpose, our work was focused on the role
of both the extracellular matrix and the
physiology of bacteria included in biofilms. The
crucial role of membrane fluidity was then
demonstrated. This work allowed us to identify
paths for the improvement of antibiotic therapy
and to develop alternatives to this type of
treatment.
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INTRODUCTION GENERALE

La bio-colonisation des surfaces exposées a des environnements humides non stériles est
un processus naturel et spontané, rencontré quelle que soit la nature de la bactérie (bactéries a
Gram positif ou négatif, formes sporulées ou non, ...), du fluide environnant (air, liquide simple
ou complexe) et du support récepteur (surfaces biotiques ou abiotiques). Elle est caractérisée
par I’adhésion de premiéres bactéries, le plus souvent suivie par la croissance de structures
tridimensionnelles engluées dans une matrice polymérique, appelées biofilms. Lorsque cette
biocontamination surfacique implique des germes pathogénes, elle peut étre a I’origine de
problémes de santé publique sévéres en milieu hospitalier ou dans 1’industrie (infections
nosocomiales, toxiinfections alimentaires ou cosmétiques, ...etc.).

Depuis leur découverte en 1928 par Alexander Fleming, les antibiotiques ont permis de
faire considérablement reculer la mortalité associée aux infections bactériennes. Hélas, selon
un rapport britannique paru en 2016, les infections associées a des germes pathogenes
impliquent 700 000 déces dans le monde chaque année et engendreraient, d’ici 2050, le déces
de dix millions de personnes par an si aucune mesure n’est prise.

Pourquoi un tel retournement de situation ? Face a 1’utilisation massive et répétée des
antibiotiques, la quasi-totalité des bactéries est détruite mais il en reste toujours quelques-unes
qui survivent en développant des systemes de défense remarquables contre ces médicaments :
c’est le phénomeéne de résistance qui défraie tant la chronique actuellement. Cette situation est
encore plus criante lorsque les bactéries sont structurées en biofilm. En effet, I’adhésion des
cellules aux surfaces leur confére une physiologie particuliére qui leur permet de faire face aux
stress environnementaux, les rendant alors insensibles aux molécules censées les détruire
(systeme immunitaire, antibiotiques, ...).

La triste réalité de cette résistance aux antibiotiques est aggravée par le mangue de nouvelles
molécules efficaces dans les pipelines de I’industrie pharmaceutique. Face a cette impasse
thérapeutique, il apparait donc crucial de concentrer les efforts de la recherche et de I’innovation
scientifiques pour apporter une meilleure compréhension de la résistance aux antibiotiques et
proposer des solutions nouvelles.

C’est dans ce contexte que s’est inscrit mon travail de thése, qui a utilisé la synergie des
compétences entre physiciens, physico-chimistes de 1’équipe Biophysique/Biophotonique de
I’Institut des Sciences Moléculaires d’Orsay et de leurs collaborateurs médecins infectiologues
du Centre Hospitalo-Universitaire de Nantes et microbiologistes de 1’Institut National de la
Recherche Agronomique pour développer des travaux de recherche sur les infections a biofilms
induites par Staphylococcus aureus (S. aureus), bactérie pathogene au premier rang des germes
responsables d’infections humaines graves.

Ce manuscrit se décline en trois parties principales.

La premiére partie correspond a une synthése bibliographique présentant le contexte de ce
travail : i) un état de ’art général sur les infections associées aux biofilms de S. aureus et le
comportement des bactéries face au systéme immunitaire et a I’antibiothérapie (Chapitre 1) et
il) un état de I’art sur les performances des outils de la fluorescence pour caractériser in vitro et
in vivo I’(in)action des antibiotiques sur les bactéries (Chapitre 2).
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La seconde partie rassemble les résultats obtenus au cours de ce travail (Chapitres 3 a 5).
Face au manque de données concernant la formation des biofilms de S. aureus sur implants et
I’action des antibiotiques in Vivo, nous avons mis au point un mod¢le d’infections sur prothése
vasculaire implantable chez la souris (Chapitre 3). Les résultats de cette étude confirment
I’efficacité limitée des antibiotiques pour des infections a biofilms. Dans la suite de ce travail
de these, nous nous sommes attachés a une meilleure compréhension de la tolérance aux
antibiotiques de biofilms bactériens cliniques. Pour ce faire, nos études ont porté, d’une part,
sur le réle de la matrice extracellulaire (Chapitre 4) et, d’autre part, sur le role de la physiologie
des bactéries incluses en biofilm (Chapitre 5).

La compréhension de I’inefficacité de traitements antibiotiques de derniére génération vis-
a-vis des infections a S. aureus sur implants nous a alors permis de dégager des pistes pour
améliorer I’antibiothérapie disponible mais aussi de développer des alternatives a ce type de
traitement, qui sont proposées dans la partie « Synthése générale et perspectives » de ce
manuscrit.
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Chapitre 1 : Les biofilms de staphylocoques dorés : une communauté de fins stratéges a / ‘origine
d’infections récalcitrantes

1.1. Les biofilms bactériens cliniques

Les bactéries sont des microorganismes capables de se développer et de proliférer
indépendamment les uns des autres en milieu liquide. Mais dés qu’une surface se présente,
biotique ou abiotique, les bactéries privilégient le « mode de vie en communauté » pour se
protéger des agressions externes et survivre aux environnements hostiles. L’existence de ce
mode de vie a été rapportée pour la premiére fois en 1933 par Arthur Henrici qui observe, a la
surface d’une lame de verre plongée dans un aquarium, un dépdt de microorganismes
s’épaississant au cours du temps et formant alors un film bactérien.* Quelques années plus tard,
Claude Zobell et Esther Allen rapportent que 1’essentiel de la biomasse microbienne n’est pas
en suspension mais fixé a des surfaces.? Dans les années 80, c’est William Costerton qui
introduit la notion de biofilms comme étant « un assemblage biologique dans lequel les
microorganismes forment des communautés tridimensionnelles épaisses et structurées dont les
sous-populations assurent des fonctions spécifiques ».3*

Les biofilms sont présents dans tous les environnements naturels et peuvent avoir de
multiples impacts : ils peuvent (i) jouer un role bénéfique capital au bon fonctionnement de
nombreux écosystemes comme par exemple dans le traitement des eaux usées ; (ii) étre utiles,
par exemple dans la flore intestinale pour la digestion des aliments ou la défense de 1’organisme
contre les germes pathogenes ; (iii) étre désagréable comme au niveau de la plaque dentaire ;
(iv) étre destructeur, dans la biocorrosion des matériaux par exemple ; mais également (v) étre
fatals en médecine humaine et animale, a I’origine d’infections gravissimes et/ou chroniques.

En colonisant tous types de surfaces en milieu hospitalier aussi bien biotiques (tissus ou
muqueuses) qu’abiotiques (prothéses, implants, cathéters ou autres équipements médicaux), les
biofilms sont aujourd’hui impliqués dans plus de 65% des infections humaines et a I’origine de
plus de 700 000 décés par an.® La colonisation bactérienne des muqueuses et des tissus a été
mise en évidence pour la premiére fois dans les années 70 par Niels Hgiby.® 1l y démontre le
lien entre la présence d’agrégats bactériens et la chronicité d’infections pulmonaires
persistantes en examinant au microscope des crachats issus de patients atteints de la
mucoviscidose. La colonisation de dispositifs médicaux implantés a été, quant a elle, rapportée
des le début des années 1980 grace au développement de la microscopie électronique : des
dépbts bactériens ont ainsi pu étre visualisés sur la surface de cathéters intraveineux ou
stimulateurs cardiaques.”®

Parmi les pathogénes associés aux infections a biofilms dont la liste non exhaustive est
indiquée en Figure 1, on retrouve le plus fréquemment les souches bactériennes de
Pseudomonas aeruginosa, Escherichia coli, Staphylococcus epidermidis et Staphylococcus
aureus (S. aureus). Si on s’intéresse plus particulierement aux dispositifs médicaux, S. aureus
se trouve au premier rang des germes responsables des infections associées a des biofilms. C’est
une bactérie en forme de coque dont le diamétre est d’environ 1 pm et a paroi Gram positif.
Elle dispose donc d’une seule membrane, cytoplasmique, et d’un peptidoglycane de nature
polymérique constituant sa paroi. De plus, une capsule polysaccharidique peut englober les
bactéries de S. aureus, jouant un réle important dans son pouvoir pathogene.
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Chez ’Homme, S. aureus fait partie de la flore cutanée et nasale naturelles et 30% des
sujets sains en sont porteurs.’® En revanche, dés lors que ces bactéries trouvent un point d’entrée
dans 1’organisme (a travers une plaie par exemple) ou qu’elles s’activent anormalement en
raison d’un systétme immunitaire de 1’hote amoindri (interventions médicales invasives,
chimiothérapie, état de fatigue, ...), elles peuvent provoquer des infections au degré de gravité
variable.!*!2 En particulier, les bactéries peuvent coloniser les cellules et les entités de la
matrice extracellulaire de 1’hote (tissus, protéines plasmatiques, ...) ou s’associer a des implants
et ainsi former des biofilms a I’origine d’infections sévéres. Il a ainsi déja été montré que les
microorganismes de la peau ou des tissus mous qui entrent de maniere transitoire dans la
circulation sanguine pouvaient coloniser des valves implantées ou encore les surfaces
endothéliales du cceur, entrainant ensuite des infections chroniques graves telles que les
bactériémies ou les endocardites.!>!® La prévalence de ces infections staphylococciques
provient principalement de la persistance de cette espéce bactérienne chez I’héte : en formant
des biofilms, les bactéries perdurent en résistant non seulement a [’action du systéme
immunitaire (phagocytose, défenses inflammatoires, ...) mais également a celle des
antimicrobiens.

DISPOSITIFS MEDICAUX INFECTIONS CHRONIQUES
IMPLANTES

Dérivations ventriculaires Pathologies ORL : otites et

sinusites chroniques
Lentilles de contact :
: Pathologies endobuccales : caries,
Sondes oro-trachéales stomatites
Cathéters vasculaires centraux

(artériels et veineux) Endocardites infectieuses

Pneumopathies chez les patients
atteints de mucoviscidose

Prothéses mammaires

Valves cardiaques,
stimulateurs cardiaques et
prothéses vasculaires

Pathologies des voies biliaires

Calculs urinaires

Infections urinaires
Cathéters vasculaires récidivantes

périphériques

Sondes sur les voies urinaires

(urétrales et urétérales) Ostéomyélites

Prothéses articulaires et

matériels d’ostéosynthése

Infections associées aux plaies
chroniques

Figure 1. Liste non exhaustive des types de dispositifs médicaux implantés ainsi que des infections
séveres associées a la présence de biofilms bactériens. Reproduit de Lebeaux et al. ‘Tolérance des
biofilms aux antibiotiques : comprendre pour mieux traiter’, Journal des anti-infectieux, 2014.%
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1.2. Les bactéries a la conquéte des surfaces
1.2.1. Laformation du biofilm in vitro et in vivo

Les mécanismes requis pour former un biofilm staphylococcique mature ont largement été
décrits et revisités au fil des années et continuent de 1’étre aujourd’hui. Pour étudier et
caractériser les facteurs gouvernant la construction de tels biofilms, de nombreux modéles
expérimentaux ont été développés in vitro. Les connaissances ainsi acquises a travers ces
modéles ont permis d’arriver a un consensus confirmant trois étapes majeures observées pour
la plupart des biofilms : (i) I’adhésion initiale des bactéries planctoniques a une surface, (ii) la
maturation du biofilm, caractérisée par la formation de microcolonies qui se développent et
s’accumulent et dans le temps (iii) la dispersion des cellules libérant des bactéries isolées ou
des microcolonies qui pourront, a leur tour, coloniser d’autres surfaces (Figure 2).121516

Adhésion des Formation de

.. . . Maturation du biofilm
bactéries microcolonies

Figure 2. Imagerie time-lapse de la formation d 'un biofilm de S. aureus en microplaque par microscopie
confocale de fluorescence. L observation des bactéries est rendue possible par le marquage de leurs
membranes avec le fluorophore FM4-64. L échelle correspond a 20 um.

Q) L’adhésion : les bactéries se fixent aux surfaces

L’adhésion initiale des bactéries planctoniques a la surface d’un matériel est fortement
conditionnée par la nature et les propriétés physicochimiques a la fois du substrat et de la surface
des bactéries.??! En particulier, I’hydrophobicité et la charge électrostatique influencent
considérablement les premiéres interactions substrat-bactérie.* Dans le cas des bactéries de S.
aureus, les diverses protéines ancrées a la paroi bactérienne et constituant leur enveloppe
cellulaire ont été identifiées comme des paramétres-clés dans 1’adhésion, non seulement au
substrat mais également entre elles.*1222-27 parmi ces protéines, les autolysines permettent aux
bactéries de s’associer aux surfaces abiotiques via des interactions ioniques et hydrophobes.?®
Une fois adhérées, les bactéries interagissent entre elles pour s’accumuler et former des
microcolonies d’épaisseur variable. Chez S. aureus, les protéines responsables de 1’adhésion
intercellulaire sont les adhésines de la classe des MSCRAMMSs « Microbial Surface
Components Recognizing Adhesive Matrix », et en particulier, le Polysaccharide Intercellular
Adhesin (P1A), un poly-B(1-6)-N-acetylglucosamine (PNAG) partiellement désacétylé, chargé
positivement.?*?>32 D’autres protéines de surface telles que les Biofilm-associated surface
proteins (Bap), contribuent également a I’adhésion intercellulaire et promeuvent la formation
du biofilm.3*-*® Lorsque 1’on s’intéresse a la colonisation des surfaces biotiques,? on peut citer
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également la clumping factor B (CIfB), la fibronectin-binding protein (FnBP), la collagen-
binding protein (Cna) qui gouvernent respectivement 1’adhésion au fibrinogéne, a la
fibronectine ou encore au collagéne, des (glyco)protéines abondantes dans la matrice
extracellulaire de I’hote.?% 3!

(i) La maturation : le biofilm se structure

Au sein des microcolonies bactériennes de S. aureus résultant de 1’adhésion au substrat
et de I’adhésion intercellulaire, la caractéristique la plus notable est la production d’une matrice
d’exopolymeéres qui englobe et protége les bactéries des défenses immunitaires et des
traitements antibiotiques.®®*” Composé principalement d’eau (97%), de polysaccharides, de
protéines, d’ADN extracellulaire et de lipides, ce ciment organique apporte la stabilité
mécanique des biofilms, en formant un réseau polymérique tridimensionnel qui interconnecte
et immobilise les cellules.3® Nombre de ces substances polymériques extracellulaires (EPS) ont
¢té analysées et caractérisées mais la composition de la matrice peut varier d’une souche
bactérienne a une autre selon les conditions environnementales.

Chacun de ces constituants assure une fonction spécifique (Tableau 1). Par exemple,
les polysaccharides libres dans la matrice contribuent au maintien de la structure et de I’intégrité
du biofilm. L’ADN extracellulaire, un autre constituant majeur que 1’on retrouve de maniére
abondante dans la matrice des biofilms de S. aureus, renforce leur structure, agit comme source
de nutriments en cas de privation, promeut la colonisation et facilite le transfert de génes
horizontal 33 Plus récemment, il a été démontré que les biofilms staphylococciques
contenaient des fibres amyloidiques. Ces structures fibrillaires sont constituées de Phenol
Soluble Modulins (PSM),*° des petits peptides aux propriétés tensioactives qui se sont avérés
impliqués dans le maintien de I’intégrit¢ des biofilms mais aussi dans la croissance et la
prolifération des bactéries.*

Fonction Intérét pour les biofilms Constituants de la matrice
impliqués
Adhésion Permet les premiéres étapes d’adhésion dans la Polysaccharides, protéines,
colonisation de surfaces abiotiques et biotiques ADN et molécules amphiphiles

par les cellules planctoniques, et I'attachement a
long terme des biofilms aux surfaces

Agrégation des Permet la reconnaissance et I'interaction entre les = Polysaccharides, protéines,
bactéries cellules, 'immobilisation temporaire des ADN

populations bactériennes et le développement

d’amas denses

Cohésion du biofilm Forme un réseau polymérique hydraté (la Polysaccharides chargés et
matrice), contribuant a la stabilité mécanique du neutres, protéines (amyloides
biofilm (souvent conjointement avec les cations ou lectines) et ADN
multivalents) et déterminant I'architecture du
biofilm

Rétention d’eau Maintient I'hydratation des microenvironnements Polysaccharides hydrophiles
autour des bactéries et probablement protéines

Barriere protectrice Confere une diffusion de molécules Polysaccharides et protéines

antimicrobiennes ralentie
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Sorption de Permet I'accumulation de nutriments Polysaccharides chargés ou
composés de I'environnement hydrophobes et protéines
organiques

Activité enzymatique Permet la digestion de macromolécules exogénes = Protéines
et la dégradation de I'EPS structural pour ensuite
relarguer les cellules du biofilm

Source de nutriments  Fournit une source de composés a base de Potentiellement tous les
carbone, azote, phosphore pour I'utilisation parla = composés de la matrice
communauté du biofilm

Echanges Facilite le transfert de génes horizontal entre les ADN
d’informations cellules du biofilm

génétiques

Donneur ou Permet I'activité rédox dans la matrice du biofilm Protéines

accepteur d’électrons

Export de Relargue le matériel cellulaire Vésicules membranaires

composants contenant des acides

cellulaires nucléiques, enzymes et
phospholipides

Stockage d’excés Stocke I'excés de carbone lorsque I'équilibre Polysaccharides

d’énergie carbone, azote est rompu

Liaison aux enzymes Résulte de 'accumulation, la rétention et la Polysaccharides et enzymes

stabilisation des enzymes a travers leur interaction
avec les polysaccharides

Tableau 1. Fonctions des substances polymériques extracellulaires présentes dans la matrice des
biofilms bactériens. Traduit et adapté de Flemming et al. ‘The biofilm matrix’, Nat. Rev. Mic., 2010.%®

(i)  Ladispersion du biofilm

Une fois mature, une partie du biofilm se disperse pour libérer des cellules isolées qui, a leur
tour, vont coloniser d’autres surfaces.*? C’est une étape importante dans le cycle de formation
du biofilm qui contribue a la survie des bactéries et a la transmission de I’infection. Les
mécanismes de dispersion des biofilms sont dépendants de la nature de 1’espece bactérienne et
peu clairs pour I’instant.*? Pour S. aureus, il a été démontré que cette étape était gouvernée en
majeure partie par des enzymes auto-produites ou présentes dans 1’environnement Qqui
dégradent la matrice et permettent alors la dissémination des cellules.?’*

L’étude des biofilms de S. aureus in vitro sur des surfaces abiotiques est un outil précieux, en
particulier dans le criblage des facteurs associés a leur formation et a leur dispersion, dans le
décryptage de leur architecture et de leur physiologie. Des plus simples aux plus sophistiqués,
les modeles de biofilms in vitro apportent de nombreux avantages, a savoir un co(t modeéré,
une mise au point relativement facile mais surtout une grande reproductibilité.**

Le biofilm chez I’hdte : quelles difféerences ? Les systémes in vitro ne sont pas toujours
représentatifs de la complexité des infections a biofilm in vivo dans la mesure ou certains
parametres majeurs, tels que I’influence du systéme immunitaire, ne se sont pas pris en compte.

Bien que les observations de biofilms directement chez 1’hote se fassent rares, les
prelévements de tissus sur des patients infectés révelent des différences par rapport aux modeéles
in vitro en termes de structure et d’organisation spatiale.*> Dans une revue récente comparant

13



SYNTHESE BIBLIOGRAPHIQUE
Chapitre 1 : Les biofilms de staphylocoques dorés : une communauté de fins stratéges a [ origine
d’infections récalcitrantes

I’ensemble de ces études, les auteurs soulignent que la structure multicouche du biofilm,
habituellement observée in vitro, n’est pas retrouvée in vivo ; les biofilms sont plus souvent
fins, de la taille d’agrégats ou « patchs ».#° Les facteurs responsables de ces différences sont
peu étudiés pour I’instant mais 1’absence de 1’action du systéme immunitaire in vitro est sans
aucun doute un paramétre d’importance.*

Il est essentiel de noter, par ailleurs, que quelles que soient la structure et I’organisation
spatiale du biofilm de S. aureus, les cellules qui le constituent adoptent une physiologie
particuliere pour s’adapter a ce mode de vie.

1.2.2. L’état physiologique des bactéries incluses en biofilms : un environnement
hétérogéne

Contrairement a celui des bactéries a 1’état planctonique, 1’environnement d’un biofilm
formé aussi bien in vitro qu’in vivo n’est pas homogeéne. A mesure que les bactéries se
développent sur des surfaces, elles expriment des propriétés phénotypiques spécifiques, trés
distinctes de celles des bactéries planctoniques, qui dépendent de leur microenvironnement
local. 1l est maintenant bien décrit dans la littérature que la croissance du biofilm et la
production concomitante de matrice extracellulaire conduit a I’apparition de gradients
d’oxygéne et de nutriments qui conférent aux biofilms une hétérogénéité physicochimique.*°
De nombreuses études montrent, en utilisant des microélectrodes, que la concentration
d’oxygene, élevée a la surface du biofilm, décroit de maniére considérable dans les couches les
plus profondes.?#46-%0 Cette diffusion limitée de 1’oxygéne n’est pas un résultat d’exclusion
physique, la matrice étant aqueuse : il s’agit plutot de la respiration accrue des cellules présentes
a la surface des biofilms, qui entraine la consommation d’une grande partie de 1’oxygeéne dans
les premiéres couches.*® Par ailleurs, il a également été démontré que le pH au sein du biofilm
était variable d’une zone a ’autre ;*® I’accumulation de déchets métaboliques provenant des
bactéries diminue le pH local de maniére non uniforme dans la structure du biofilm, affectant
ainsi 1’état physiologique des bactéries. De la méme fagon in vivo, lorsque les cellules du
systéme immunitaire sont également présentes, le pH a I'intérieur des cellules telles que les
macrophages peut modifier considérablement I’état physiologique des bactéries qui s’y
trouvent.

En réponse a ces modifications physicochimiques hétérogenes a travers le biofilm, les
bactéries s’adaptent. Ceci conduit alors a 1’émergence de sous-populations génetiquement
semblables mais physiologiquement distinctes. Lorsque le microenvironnement est favorable,
les bactéries se divisent normalement comme les bactéries en phase exponentielle de croissance
(division cellulaire active). En revanche, en réponse aux stress environnants (privation de
nutriments, d’oxygéne, baisse de pH, présence d’antimicrobiens, ...), d’autres adoptent une
croissance ralentie comme les bactéries en phase stationnaire.>*>8 On dit alors que ces bactéries
entrent dans un état de « dormance ». Il est de plus en plus décrit dans la littérature deux types
de populations en dormance pour les biofilms de S. aureus : les bactéries viables non cultivables
(VBNC, Viable But Non Culturable) et les persisters.*1°2° Alors que les VBNC sont la
conséquence d’un manque drastique de nutriments, les persisters sont associées a une
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population bactérienne persistante face a I’action d’antimicrobiens et détectées malgré une
abondance de nutriments dans le milieu environnant.>® La particularité de ces populations est
qu’aucune d’elles n’est le produit de mutations génétiques. De plus, leur état physiologique est
réversible.>? Toutes deux sont caractérisées par un métabolisme trés fortement ralenti,
maintenant un approvisionnement en énergie tout juste suffisant pour rester vivantes plusieurs
jours voire plusieurs mois consécutifs.®® Les bactéries reprennent leur métabolisme normal et
continuent de se multiplier des lors que le facteur de stress (privation en nutriments pour les
VBNC et antibiotiques pour les persisters) est retiré, par exemple en renouvelant les ressources
nutritives. Ce mode « d’économie d’énergie » est alors levé. Par ailleurs, les populations VBNC
ne sont décrites que depuis peu de temps car elles ne sont pas identifiables par les techniques
conventionnelles de microbiologie. Leur viabilité est certes conservée mais leur métabolisme
ralenti ne leur permet pas de former des colonies sur des milieux gélosés classiques. Il est donc
nécessaire, pour les identifier, de combiner ces techniques a I’utilisation de marqueurs de
viabilité fluorescents ou aux techniques d’amplification en chaine par polymérase (PCR) (cf.
Chapitre 2).53°960

1.3. Les biofilms de S. aureus face au systéeme immunitaire et aux antibiotiques : les
infections résistent

Dés que le développement bactérien devient conseéquent chez 1’hote, c’est le systéme
immunitaire qui intervient en premier lieu.?26152 Cependant, les bactéries déploient un arsenal
de stratégies leur permettant d’échapper a son action et de survivre.%6:-%3 Bien que nombre des
mécanismes impliqués aient été élucidés pour les bactéries en état planctonique, peu de données
existent concernant les biofilms.®2

1.3.1. Le systeme immunitaire attaque, les bactéries font diversion

Les staphylocoques, en se développant chez I’héte, entrainent la libération massive par
les bactéries de diverses entités, telles que des lipoprotéines, des formyl-peptides ou des
peptidoglycanes, générant une réaction inflammatoire dans 1’organisme.° Les neutrophiles et
les macrophages répondent alors a cette inflammation et migrent jusqu’au site de 1’infection
pour détruire les bactéries pathogenes. La premiere confrontation entre les bactéries et le
systéme immunitaire de I’hote intervient lors de 1’opsonisation : des anticorps (les opsonines),
présents dans le sérum de I’hdte et susceptibles de reconnaitre des récepteurs spécifiques de la
surface des bactéries, se lient aux bactéries formant ainsi un complexe reconnaissable par le
systéme immunitaire.%® S’ensuit alors 1’éradication des bactéries par phagocytose et/ou par
I’action d’une multitude de composés bactéricides (tels que les peptides antimicrobiens, les
protéines du complément ou les lysozymes) issus de la réaction du systéme immunitaire.53-67
En outre, les neutrophiles sont connus pour leur production d’especes réactives de I’oxygene
en grande quantité et leur sécrétion de nombreuses cytokines proinflammatoires qui vont
pouvoir agir sur les bactéries et les détruire.®*

Pour faire face a ces attaques du systéme immunitaire, les bactéries de S. aureus se
défendent de différentes fagons :
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(i) en empéchant leur reconnaissance par les neutrophiles. S. aureus est en effet capable
d’exprimer des protéines de surface anti-opsoniques ancrées a leur peptidoglycane (protein A,
Clumping factor A et B, ...) qui masquent les récepteurs de reconnaissance Utilisés par les
neutrophiles.®® Les bactéries peuvent aussi produire une capsule polysaccharidique épaisse en
plus de leur peptidoglycane.®®®® Sans cette reconnaissance spécifique de surface, les bactéries
ne peuvent pas étre phagocytées.

(ii) en s’adaptant au milieu intérieur des phagosomes. En effet, récemment, il a été mis
en evidence que des bactéries de S. aureus pouvaient survivre a l’intérieur des cellules
immunitaires. Les bactéries phagocytées sont exposées a de nombreuses entités toxiques visant
a les éradiquer (espéces réactives de 1’oxygene, hydrolases, enzymes protéolytiques, ...).
Cependant, il a été montré que S. aureus pouvait exprimer des enzymes et des inhibiteurs qui
réduisent le stress oxydant induit par les neutrophiles.®® Par exemple, les bactéries peuvent
produire un pigment caroténoide synthétisé par sa paroi, la staphyloxanthine, pour résister au
peroxyde d’hydrogéne et/ou aux radicaux hydroxyles.!® Elles sont aussi capables d’exprimer
des superoxyde dismutases (SOD) pour éliminer les radicaux superoxydes présents dans les
neutrophiles. Il a été également montré que les bactéries pouvaient contrer 1’attaque des
lysozymes et des peptides antimicrobiens via 1’acétylation de son peptidoglycane.

(iii) en sécrétant des exotoxines, des toxines superantigéniques, des exfoliationes, ...etc.
qui provoquent la lyse des cellules immunitaires. 626370 parmi elles, on retrouve les Phenol
Soluble Modulins (PSM) dont le rble est cette fois de détruire les neutrophiles, trés
probablement en perturbant leurs membranes.”

Il faut toutefois noter que toutes ces stratégies de défense des bactéries de S. aureus vis-
a-vis du systeme immunitaire reposent essentiellement sur des études réalisées in vitro
impliquant des bactéries, des neutrophiles et des macrophages humains.’

1.3.2. Antibiothérapie et résistance/tolérance

Lorsque le systeme immunitaire devient insuffisant pour empécher le développement des
bactéries, 1’administration d’antibiotiques est la thérapie la plus couramment utilisée en
pratique clinique.”? Depuis leur découverte en 1942, les antibiotiques ont été massivement
utilisés pour traiter tous types d’infections bactériennes, faisant considérablement reculer la
mortalité associée aux maladies infectieuses. Malheureusement, avec leur utilisation intensive,
les bactéries se montrent de plus en plus résistantes/tolérantes a leur action.”

Tout d’abord, qu’est-ce qu’un antibiotique ? C’est une molécule antimicrobienne
naturellement synthétisée par un microorganisme pour se défendre contre les bactéries de son
environnement qui lui sont néfastes. Aujourd’hui, il existe plusieurs familles d’antibiotiques
comprenant des molécules naturelles, semi-synthétiques ou synthétiques qui ciblent plus ou
moins spécifiquement une ou plusieurs espéces bactériennes.’ 1ls peuvent soit détruire (effet
bactéricide) soit bloquer la croissance (effet bactériostatique) des microorganismes. Parmi les
antibiotiques disponibles commercialement, on distingue quatre classes de molécules, (i) ceux
qui inhibent la synthése de la paroi bactérienne, (ii) ceux qui détruisent la membrane
cytoplasmique, (iii) ceux qui bloguent la synthése protéique intracellulaire ou (iv) ceux qui
bloguent la synthése des acides nucléiques (Figure 3).727
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Parmi les antibiotiques utilisés en pratique clinique pour éradiquer les infections
engendrées par les biofilms de S. aureus, on retrouve en premiére intention les -lactamines
(telles que la méticilline, I’oxacilline ou la cloxacilline). Par ailleurs, si la souche est résistante
a la méticilline (Methicillin-Resistant S. aureus, MRSA), I’antibiotique de choix sera un
glycopeptide (vancomycine, téicoplanine), utilisé seul ou en association avec une rifamycine
(rifampicine) ou un aminoside (gentamicine).”””® Enfin, plus récemment, de nouveaux
antibiotiques dits de derniére intention sont venus renforcer ’arsenal thérapeutique en cas
d’échec des autres thérapies. Parmi eux, les oxazolidinones (linézolide), les lipopeptides
(daptomycine) ou les glycylcyclines (tigécycline).”

S. aureus

Inhibition de la synthése des
acides nucléiques : rifamycines
(ex : rifampicine)

Déstabilisation de la membrane
cytoplasmique :
lipopeptides (ex : daptomycine)

Inhibition de la synthése protéique :
aminoglycosides (ex : gentamicine),
oxazolidinones (ex: linézolide),
glycylcyclines (ex: tigécycline)

Inhibition de la synthése du
peptidoglycane : 3-lactamines (ex :
cloxacilline), glycopeptides (ex :
vancomycine)

Capsule Membrane cytoplasmigue

Peptidoglycane

Figure 3. Schéma représentatif des quatre types de mode d’action des antibiotiques Vis-a-vis de
S. aureus selon leur cible.

L’échec des traitements antibiotiques face a certaines infections est lié aux propriétés
génétiques et/ou physiologiques des bactéries ciblées.®® En effet, certaines bactéries sont
naturellement résistantes aux antibiotiques (résistance innée) tandis que d’autres développent
des mécanismes de résistance suite a I’administration répétée ou prolongée d’antibiotiques par
exemple (résistance acquise).?! C’est le cas notamment des souches de S. aureus résistantes a
la méticilline qui ont émergé trés rapidement aprés 1’introduction de 1’antibiotique sur le
marché.8? Le mécanisme de résistance impliqué est induit par la synthése d’une protéine PLP
(Protéine Liant les Pénicillines), la PLP2a vis-a-vis de laquelle les pénicillines ont trés peu
d’affinité et dont le support génétique est transmissible.®? Par ailleurs, un autre mécanisme
largement impliqué dans la résistance des bactéries aux antibiotiques est la modification
structurale de la cible de I’antibiotique. Par exemple, il existe des souches bactériennes de S.
aureus qui résistent a la vancomycine en raison d’une substitution du dipeptide D-alanine-D-
alanine par le dipeptide D-alanine-D-lactate.®?

Ce phénomeéne de résistance, issu de modifications génétiques, n’est pas le seul facteur
responsable de I’échec thérapeutique des antibiotiques. En effet, un autre phénomene, qualifié
de tolérance, joue également un réle majeur dans la persistance des biofilms sous 1’action des
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antibiotiques. Dans ce cas, le mécanisme impliqué est de nature phénotypique, induit par
I’adaptation des cellules a la vie en biofilm (modifications physiologiques décrites au
paragraphe 1.2.2) et est donc réversible dans la mesure ou les bactéries du biofilm revenues a
leur état planctonique réacquiérent leur sensibilité aux antibiotiques. 884 Le terme de résistance
est donc restreint & des mécanismes genétiques uniquement.

Pour évaluer la sensibilité/résistance d’une souche bactérienne et choisir I’antibiotique
le plus efficace, un mod¢le standardisé¢ a été mis en place aussi bien en laboratoire qu’a
I’hopital : la mesure de la concentration minimale inhibitrice (CMI), c’est-a-dire la
concentration minimale d’antibiotique nécessaire a 1’inhibition de la croissance des
microorganismes.®> Néanmoins, la principale limite de cette mesure est qu’elle n’est pas
prédictive de D’efficacité des antibiotiques in fine chez les patients atteints d’infections a
biofilms.8* En effet, il a été rapporté au fil des années de nombreux cas oll des pathogénes,
décrits comme sensibles via la mesure de CMI, ne répondaient pas du tout a I’antibiothérapie
chez le patient.348® Certes adaptée pour mesurer la réponse des bactéries qui se divisent
activement, cette méthode ne tient pas compte de la physiologie des bactéries qui est modifiée
en biofilm, comme décrit précédemment (cf. paragraphe 1.2.2.).*6 Concernant les biofilms, on
détermine alors la concentration nécessaire pour que I’antibiotique ait un effet bactéricide sur
les bactéries incluses en biofilms. Dans ce cas, les concentrations sont 10 a 1000 fois
supérieures a celles appliquées aux bactéries planctoniques.?®®8° Or, I’application de telles
concentrations in vivo est, le plus souvent, impossible a atteindre au risque d’étre toxique et
d’engendrer des effets secondaires trop importants chez 1’héte. Dans ce contexte, si
I’antibiothérapie administrée échoue dans le traitement de I’infection, I’implant ou le tissu a
I’origine de cette derniére est retiré chirurgicalement ; cette option peut étre problématique pour
certains dispositifs compte tenu des répercussions pour le patient.?® Le traitement des infections
a biofilms devient donc un challenge d’importance majeure qui attire 1’attention de la
communauté scientifique et médicale. Ainsi, de nombreuses études récentes visent a élaborer
de nouvelles stratégies thérapeutiques pour combattre les infections a biofilms.

1.4. Nouvelles stratégies pour enrayer les infections a biofilms : éradication des biofilms
déja établis ou prévention ?

Afin de contrer ces infections a biofilms, deux types de stratégies sont actuellement

employés. Le premier vise a éradiquer les biostructures déja établies chez 1’hote. Le second, de

plus en plus étudié, vise a maitriser les surfaces auxquelles adhérent les bactéries dans le but de
prévenir le développement du biofilm.%

1.4.1. Eradication des biofilms établis
Q) Optimisation de I’antibiothérapie disponible

Pour faire face a I’échec de I’antibiothérapie classique vis-a-vis des infections a biofilms et au
peu de nouvelles molécules antibiotiques mises sur le marché, de nouvelles stratégies basées
sur I’amélioration de 1’antibiothérapie disponible ont été développées.®® La plus classique
repose sur la combinaison de deux ou trois antibiotiques afin (i) de couvrir un plus large spectre
de sensibilité, et (ii) de contrer I’émergence de résistances Vis-a-vis de 1’un ou I’autre des
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antibiotiques.’®% Par exemple, la rifampicine, utilisée pour sa bonne diffusion et son action sur
les bactéries au métabolisme ralenti, est souvent associée a la vancomycine ou a la daptomycine
pour prévenir ’apparition de résistances.’®%® Ces multithérapies ont fait leurs preuves et sont
maintenant couramment choisies en pratique clinique. Par ailleurs, on rencontre aussi en usage
clinique une nouvelle méthode qui repose sur I’injection et le maintien entre 12 et 24 h d’une
concentration élevée d’antibiotiques (100 a 1000 fois la CMI) déposée localement sur une zone
infectée, comme par exemple un biofilm formé sur cathéter pour éviter de le retirer. %% Cette
méthode nommeée « lock therapy » (ou verrou d’antibiotique) est certes efficace, mais présente
tout de méme le risque de favoriser I’émergence de résistance bactérienne aux antibiotiques.
Une autre approche proposée pour améliorer I’activité des antibiotiques vis-a-vis des biofilms
concerne 1’association d’aminoglycosides avec des sucres tels que le mannitol ou le fructose.
L’incorporation de ces sucres par les bactéries stimule la glycolyse, entrainant in fine une
stimulation de la force proton-motrice et par conséquent une meilleure assimilation des
aminoglycosides.?®%° Des études in vitro ont montré I’efficacité de cette approche pour
éradiquer les persisters de S. aureus notamment. %

(i) Utilisation d’enzymes pour la dispersion des biofilms de S. aureus

Comme nous 1’avons vu précédemment, au sein des biofilms, les bactéries tolérantes aux
antibiotiques a cause de leur adaptation aux conditions d’environnement, redeviennent
sensibles lorsqu’elles recouvrent leurs conditions planctoniques. Ainsi, induire la dispersion
des biofilms bactériens est une approche intéressante pour restaurer 1’action des
antibiotiques.64210%102 plysieurs approches ont été proposées dans ce sens, notamment
I’utilisation d’enzymes capables de dégrader les polymeres ou I’ADN extracellulaire
constituant la matrice sécrétée par les bactéries. 1l a été par exemple démontré que la dispersine
B, une enzyme produite par Actionobacillus actinomycetemcomitans, déstabilise les
polysaccharides de la matrice des biofilms de S. aureus.1%-1% Une autre enzyme, la DNase I,
disperse les biofilms en s’attaquant a I’ADN extracellulaire.2%®1%7 La trypsine et la protéinase
K ont été utilisées pour déstabiliser les protéines de la matrice du biofilm.%21% Tel que décrit
dans la partie 1.2.1., la nature de la matrice sécrétée par les bactéries peut grandement varier
d’une souche bactérienne a une autre. Ainsi, ’efficacité de la dispersion des biofilms a partir
d’enzymes, dépendante de la composition chimique de la matrice, peut se révéler limitée.'% De
plus, cette méthode d’éradication, en libérant rapidement une concentration élevée de bactéries
planctoniques, peut induire un risque de forte réponse inflammatoire et d’infection systémique
aigiie.*°

1.4.2. Prévention : vers une maitrise des surfaces

Les observations en pratique cliniqgue de méme que les expériences menées in vitro ont
démontré que les biofilms pouvaient étre plus facilement éradiqués par les antibiotiques en
début d’infection lorsque les biofilms sont « jeunes ».8” Cependant, le diagnostic précoce des
infections a biofilms est difficile car les bactéries ne sont pas faciles a détecter a ce stade.®”%
Dans ce contexte, il apparait crucial de développer des stratégies visant a empécher la formation
de biofilms plutot que de les dissocier.°
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Pour y parvenir, I’axe de recherche le plus développé actuellement est le traitement des
surfaces des biomatériaux propices au développement de biofilms. On distingue alors (i) les
surfaces antiadhésives, qui visent a empécher 1’adhésion bactérienne initiale en limitant les
interactions bactéries-substrat, et (ii) les revétements antibactériens qui consistent a greffer des
molécules bactériostatiques ou bactéricides pour empécher I’adhésion et la multiplication des
bactéries a la surface du substrat. Cependant, ces stratégies ne sont en aucun cas applicables

aux surfaces biotiques et ne peuvent donc se substituer totalement a 1’optimisation de
I’antibiothérapie disponible.

Q) Les surfaces antiadhésion

Une approche actuellement en développement est 1’ingénierie de surfaces abiotiques dans le
but de réduire ou retarder 1’adhésion initiale des bactéries en combinaison avec I’administration
d’antibiotiques et/ou ’action du systéme immunitaire.** Cette stratégie duelle vise a empécher
la formation du biofilm tout en ayant la possibilité d’éradiquer les bactéries planctoniques.

Un premier panel d’études s’est focalis¢ sur la modification des propriétés
physicochimiques des surfaces, telles que la texture, la charge, la rugosité ou encore le caractere
hydrophile/hydrophobe.®! Par exemple, les surfaces aux propriétés dites « superhydrophobes »,
se sont révélées remarquablement efficaces dans la prévention de 1’adhésion bactérienne. Pour
atteindre une telle hydrophobicité, le plus souvent, des liquides fluorés sont utilisés.*21% Une
étude récente a montré que des surfaces de ce type, constituées de liquides perfluorés ajoutés a
du polytétrafluoréthyléne (PTFE), étaient capables d’empécher compleétement 1’adhésion et la
formation de biofilm d’une multitude de souches au-dela de sept jours tout en restant trés
stables.!*115 1’inconvénient majeur, en revanche, est que ces surfaces requiérent I’utilisation
de substances fluorées toxiques. Plus récemment, Hu et al. ont rapporté la mise au point d’un
revétement biodégradable pour une utilisation in vivo.!

(i) Les revétements de surface antibactériens

Les traitements de surface antibactériens sont nombreux. On se limitera ici a quelques exemples
clés en plein développement, a savoir les traitements par des antibiotiques, des peptides
antimicrobiens et des nanoparticules.!® Ces molécules peuvent étre soit simplement
immobilisées sur les surfaces, soit greffées de fagon covalente.

Antibiotiques. La surface des implants osseux peut étre recouverte d’un gel d’hydroxyapatite
incluant des antibiotiques qui seront libérés au cours du temps pour empécher la formation de
biofilms. C’est une méthode couramment utilisée en chirurgie orthopédique.t*”1® Son
inconvénient majeur repose sur le manque de contrdle de la cinétique et de la concentration
d’antibiotiques libérée in vivo. En effet, il a été démontré qu’il pouvait y avoir une libération
rapide et efficace d’antibiotique aux temps courts, suivie d’une libération de concentrations
sub-inhibitrices des molécules dans le temps, ce qui peut induire des résistances bactériennes.°
Dans ce contexte, des surfaces constituees de multicouches polymériques dégradables intégrant
chacune des antibiotiques ont été mises au point de sorte a ce que la libération des molécules
se fasse de fagon graduelle.*® Une autre alternative consiste cette fois a greffer les antibiotiques
en forte concentration a la surface des implants, pour y minimiser I’exposition des bactéries a
des concentrations sub-inhibitrices.!?%12! Un autre avantage, tel celui déja démontré concernant
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le greffage de la vancomycine sur des implants en titane, est que I’antibiotique agit sur des
bactéries planctoniques montrant une efficacité largement supérieure a celle des traitements des
biofilms in situ, 120122123

Peptides antimicrobiens. Comme mentionné précédemment, les peptides antimicrobiens sont
synthétisés naturellement par des organismes vivants (plantes, insectes, mammifeéres, ...etc.)
pour se défendre des bactéries pathogénes.!?* De nombreux travaux portent sur I’utilisation de
ces peptides dans les revétements de surface, pour s’en servir, sur le long terme, comme
traitement préventif de ’adhésion bactérienne sur les implants.!'%1% Aujourd’hui, 1’adhésion
de ces peptides sur des surfaces d’or revétues de composés sulfurés tels que 1’acide
mercaptoundécanoique s’est révélée efficace.’?®'?” En revanche, si ce type de traitement de
surface est adaptable au milieu industriel, des développements sont encore a venir pour leur
utilisation in vivo.’?® Une approche intéressante porte sur des implants & base de titane sur
lesquels sont adsorbés des multicouches de films phospholipidiques contenant du phosphate de
calcium et des peptides antimicrobiens, qui ont montré une prévention efficace de I’adhésion
des bactéries et une cytotoxicité négligeable vis-a-vis des cellules de 1’hote. 12

Nanoparticules. Les nanoparticules métalliques (d’argent, d’oxyde de titane, quantum dots et
bien d’autres), initialement connues pour leur activité antibactérienne en solution, ont
¢galement fait 1’objet de nombreuses études pour leur application dans le cadre de revétements
de surfaces.*® Greffées a la surface de cathéters veineux centraux, les nanoparticules d’argent
libérent lentement des ions Ag" a I’origine d’une efficacité certaine dans 1’éradication des
bactéries avoisinant la surface des cathéters aussi bien in vitro qu’in vivo.!3! Cependant, leur
utilisation en pratique clinique suscite des inquiétudes du fait de leur possible cytotoxicité vis-
a-vis des tissus de 1’hote. En effet, il a ét¢ démontré que les nanoparticules d’argent accélerent
la formation de thrombine et 1’activation des plaquettes, entrainant un haut risque de thrombose
(formation de caillots sanguins).®*? De plus en plus d’études concentrent donc leurs efforts sur
une meilleure compatibilité avec 1’hote.

En résumé, les données de la littérature démontrent que les mécanismes des infections,
et en particulier de celles impliquant des biofilms, de méme que la résistance/tolérance aux
antibiotiques, ne sont pas complétement élucidés a ce jour. Il y a encore la place d’une recherche
fondamentale dans ce domaine, ce qui constitue I’objet de ce travail de these.
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En microbiologie, les outils de la fluorescence ont sans aucun doute démontré leurs
performances dans I’analyse en temps réel, de maniére quantitative et non-invasive, de la
structure, de la composition et de la dynamique des communautés microbiennes. En effet, les
méthodes disponibles basées sur la fluorescence permettent de déchiffrer nombre de
mécanismes impliqués dans 1’(in)efficacité des traitements antibiotiques et ce, a plusieurs
échelles (spatio)temporelles.

A travers ’article ci-apres, nous allons examiner la vaste gamme des techniques de
fluorescence ainsi que leur intérét (i) dans 1’¢tude de la viabilité des cellules bactériennes in
vitro et in vivo sous I’action des antibiotiques, (ii) dans 1’élucidation des mécanismes d'action
de ces médicaments et (iii) dans la description des mécanismes employés par les bactéries pour
résister et/ou tolérer I'action des antibiotiques.
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2.1. Article 1: “Taking Advantage of Fluorescent-Based Tools to Puzzle out
Successes and Failures of Antibiotics to Inactivate Infectious Bacteria”

Rym Boudjemaa, Romain Briandet, Karine Steenkeste, Marie-Pierre Fontaine-Aupart

Encyclopedia of Analytical Chemistry, 2017
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In microbiology, fluorescence tools have undoubtedly
proven their performance to analyze in real-time, non-
invasively and quantitatively, the structure, composition,
processes, and dynamics of microbial communities. Impor-
tantly, the available fluorescence-based methods enable to
decipher multiscale events implicated in the failures and
successes of antibiotics treatments. The goal of this article
is to review the large range of fluorescence techniques and
probes and their interest (i) to study bacterial cells viability
in vitro and in vivo under antibiotics exposure, (ii) to
elucidate the mechanisms of action of these drugs, and
(iii) to dissect bacterial mechanisms to resist and tolerate
antibiotics action.

1 INTRODUCTION

Since the origin of human existence, we have suffered
from infections caused by pathogenic bacteria.!’ The
discovery of penicillin in 1928 by Alexander Fleming
triggered a massive reduction of the mortality burden
related to infectious diseases, saving countless lives.(?)
Antibiotherapy is certainly the most successful form
of chemotherapy in the history of medicine. However,
the commercialization of every new antibiotic has been
accompanied by the emergence and propagation of
specific bacterial resistance.® Nine decades after the
golden age of antibiotics, bacterial infections still repre-
sent a major concern both in hospital and community
settings worldwide. The continuous emergence of
deadly nosocomial multiresistant bacteria (‘super bugs’),
currently implicates 700000 deaths each year and is
expected to be associated with more than 10 million
deaths in 2050.5-7 A major amplifying factor is the too
few new antibiotic molecules in the pipeline, raising
the awareness of the research community. Alternative
approaches such as the re-emergence of phage therapy
or the use of natural extracts for example are currently
being tested in vitro and on animal models but are still
not available for clinical use.?8-19

Bacterial cells have been shown to employ different
strategies to overcome antibiotic action.!V Antibi-
otic resistance is the genetically acquired ability of
a microorganism to resist the effect of an antimicro-
bial agent, and involves different molecular pathways
including alterations in bacterial cell wall structure,
efflux pump expression, molecular modification of the
antibiotic target, or enzymatic alteration of the antibiotic
itself. 112719 For instance, methicillin-resistant Staphylo-
coccus aureus (MRSA) is the best example to illustrate
bacterial multidrug resistance. MRSA strains have
demonstrated a unique ability to quickly circumvent
the action of almost every class of anti-staphylococcal
antibiotics, including p-lactams (using enzymatic inactiva-
tion by penicillinase production), glycopeptides (altering
the target by producing a peptidoglycan precursor that
does not have affinity for the drug), fluoroquinolones
(by enhancing their efflux pumps activity) and lipopep-
tides (through spontaneous mutations and positive
selection).16:17)

In contrast, antibiotic tolerance is not triggered
by genetic alterations or inheritance of a resistance
gene.'M®) It is a transient and nonheritable phenotype
associated with the failure of antibiotic treatment and
the relapse of many bacterial infections.!) Tolerance
enables bacterial cells to survive a transient exposure
to antibiotics at concentrations that would otherwise be
lethal. "1 The mechanisms of antibiotic tolerance can
be mediated by ‘slow-growing’ bacteria, including small
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colony variants, persisters or viable but nonculturable
cells (VBNC) that are less susceptible to antibiotics than
their wild-type counterparts.'>2%2D) These variants have a
low metabolism and unusual biochemical characteristics
that confer them the ability to escape antibiotics action,
further causing recurrent infections.”” When attached to
a surface, the formation of three-dimensional structures
of bacteria (named biofilms®?) can also be invoked in
bacterial tolerance. Biofilm-associated drug tolerance
plays a major role in the pathogenesis of many subacute
and chronic bacterial diseases and their recalcitrance to
antibiotic treatment, including medical device-related
infections, chronic wounds, and intractable lung infec-
tions in cystic fibrosis patients.'?) In the case of biofilms,
tolerance can also be mediated by specific characteristics
that limit drug diffusion and activity.>!#2%

The study of antibiotics effects against pathogenic
bacteria has been greatly aided by in vitro laboratory
assays such as plate counting, minimum inhibitory
concentrations (MIC) and minimum bactericidal concen-
trations (MBC) measurements to detect resistance,!!)
and real-time-polymerase chain reaction (PCR) to
probe antibiotic-resistance genes.?” These techniques
have been remarkably useful and still remain adequate
and appropriate.®® However, these assays are time-
consuming and laborious, and do not give access to the
subpopulations behavior. In an attempt to decipher these
micro-heterogeneities and their functions, it is essen-
tial to probe the single cell level in order to explore in
depth the dynamic and structural processes of subpop-
ulations, information that are not approachable by the
conventional tools described earlier.

To give deeper insights into the mechanisms under-
lying bacterial survival to antibiotics treatments as well
as antibiotics mechanisms of action, fluorescence tech-
niques have undoubtedly proven their necessity in micro-
biology. These techniques allow to analyze in situ and
in real-time the structure, composition, processes, and
dynamics of microbial communities.®® Rapid, direct and
nondestructive, in vitro studies using fluorescence-based
methods render possible the monitoring of micro- to
nanoscale molecular events qualitatively and/or quanti-
tatively. Recent advancements in in vivo imaging tech-
niques are facilitating the next logical step to visualize the
dynamic infection process as it happens within the living
host.?” These new fluorescence imaging techniques allow
tracking individual bacterial cells at the whole (small)
animal body scale and are in some cases adaptable to clin-

ical situations.2830

PEPTIDES AND PROTEINS

2 FLUORESCENCE TOOLS IN
MICROBIOLOGY

Fluorescence is now omnipresent in microbiology as
a basic tool to study both single microbial cells and
three-dimensional bacterial structures such as biofilms
both in vitro and in vivo.313% Briefly, fluorescence is a
radiative relaxation process that occurs when photons
from an incident light source raise electrons to a higher-
energy state (excited state). Return of the molecule to
a lower-energy state can then be accompanied by the
emission of fluorescence, with specific properties in terms
of spectra, lifetimes, or polarization.?*37 Variables of
practical importance in fluorescence include the intrinsic
properties of a fluorophore: its excitation and emission
spectra, molar absorbance coefficient, quantum yield and
photostability. 33337 Importantly, the difference in exci-
tation and emission wavelengths is termed the ‘Stokes
shift’, and the magnitude of this shift can be critical in
ensuring spectral separation of signals from more than
one fluorescent stain or when dealing with cells or sample
matrices having highly auto-fluorescent backgrounds.®%
The local chemical or electronic environment and factors
such as pH or physical proximity of other molecules in
solution also play a fundamental role.3>=7

Some molecules fluoresce naturally and others can be
stained to make fluorescent compounds. A large panel of
fluorophores is now available and facilitate the staining
of microbial cells within complex mixtures, according to
their individual features including biochemistry, physi-
ology. or taxonomic properties.*? Multiple fluorescent
stains may be used simultaneously, allowing the collection
of more than one parameter per cell. Furthermore, many
fluorescent stains are compatible with living cells and can
be used for real-time measurements.®?)

The choice of instrumentation in microbiology is mostly
guided by the type of bacterial sample observed (i.e. free-
floating cells, surface-attached cells or three-dimensional
structures such as aggregates and biofilms) and the type
of information expected from the fluorescence signal
(molecular diffusion, cellular death, etc.). Furthermore,
accuracy, detection limits, speed of analysis and light
sources are among important selection criteria to be taken
into account. In addition, the instrument chosen must be
compatible with the photophysical properties of the fluo-
rophores studied (absorption and emission spectra).33-3%

The reference optical set-up in microbiology is the
microscope. The first fluorescence apparatus was devel-
oped by Otto Heimstaedt and Heinrich Lehman in
the early 1910s,%% and used in particular to investigate
the autofluorescence of bacteria. Next, Stanislas Von
Prowazek employed fluorescence microscopy to study
dyes binding to living cells.?® The golden age of fluores-
cence microscopy came with the development of laser
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TAKING ADVANTAGE OF FLUORESCENT-BASED TOOLS TO PUZZLE OUT SUCCESSES 3

scanning microscopy (LSM) in the 1980s, and further
use of confocal laser scanning microscopy (CLSM) have
revolutionized the structural and functional investigation
of hydrated microbiological samples.G%)

Epifluorescence microscopy (EFM) of fluorescently
stained cells has long been the standard method to
enumerate bacteria.*? Advances in filter, mirror, and
camera technologies continue to make this kind of
microscopy highly sensitive.*? However, the detec-
tion limit of EFM is low in terms of bacterial counting.
Indeed, it becomes very tedious to detect less than 10°
targeted cells per square centimeter of filter — this limit
corresponding to the detection of one cell per micro-
scopic field (typically a 246 x 246-pm image, using a x63
objective), and bacteria often have to be much more
concentrated for direct microscopic examination than for
plate counting.“” To improve bacterial counting, flow
cytometry (FCM) offers the ability to analyze rapidly
thousands of individual cells from an entire population
of free planktonic cells (a flow rate between 10 and
100 pL min~! and count rates ranging from 100 to 1000
cells min~!).“34) Practically, the cells present in a liquid
medium are passed individually in front of an intense light
source. Simultaneously, data on light scattering and fluo-
rescence are collected and saved as a data file. Detailed
numerical analyses of populations and subpopulations of
interest can then be carried out offline by using a number
of analysis packages.®” Thanks to its ability to collect
information-rich data sets on thousands of cells, flow
cytometry facilitates valuable insights into connections
between single-cell and population-level processes, which
are not available with other techniques.*>4? However,
FCM is not adapted to the detection of rare events since
it is difficult to detect less than 100 bacteria per milliliter,
which is still 10-100-fold better than current microscopic
procedures.*>*) It must also be noted that this technique
is adapted for suspended cells only and is not appli-
cable to surface-attached cells.*>) For this purpose, laser
scanning cytometer (LSC) is a solid-phase cytometric
technology that complements flow cytometry, allowing
visualization and analysis of samples attached to solid
substrates, or collected and concentrated on filters.4®
LSC is well-adapted for observing cellular properties as a
function of time (kinetics of fluorescence staining such as
substrate uptake, enzyme activity, etc.).®? The beam spot
size varies depending on the lens magnification, from
2.5pum (at x40) to 10.0 pm (at x10), thus allowing single-
cell studies."” However, long periods of sample exposure
to the excitation source may induce photobleaching of
the fluorescent stains. These deleterious effects should
be minimized by using low-intensity (microwatt versus
milliwatt) illumination sources and powers.(2!

To circumvent the limitations of FCM and LSC,
CLSM has led to considerable progress in the study

of fluorophores either in solution or in microbiological
samples.?%4D Due to the introduction of a ‘pinhole’ in the
path of the fluorescence light emitted by the sample, only
the fluorescence coming from the focal plane reaches
the detector and the contribution of out-of-focus light is
eliminated.®® This optical sectioning ensures a submi-
cron resolution compatible with observation of a single
bacterium within biofilms.*” Besides the three dimen-
sions (x, y, and z) allowing acquisition of image stacks,
CLSM gives also access to two supplementary dimen-
sions: the time, to conduct time-lapse microscopy for
example and also the wavelength for spectral imaging.“”
Another improvement aiming at imaging samples within
deeper locations is the two-photon excitation (TPE)
microscopy.*? Its principle is the simultaneous absorp-
tion of two photons half the energy needed for a one
photon transition by using ultra short pulse laser (typi-
cally femtosecond to picosecond pulse laser).®"D The
TPE probabilities are very weak, thus significant two-
photon absorption only occurs at the objective focal
point of the microscope, a region where the temporal and
spatial concentration of photons are very high.®? This
imaging technique allows an inherent optical sectioning
property with a very low background production but also
a greater depth in the samples and photodamages being
restricted to the excitation volume.®!52)

One limitation of light microscopy can be its resolu-
tion. This latter is given by the Ernst Abbe formula,
which is about a half of the excitation wavelength
used for imaging.®? As a result, objects smaller than
200-300nm cannot be resolved by conventional tech-
nologies. To overcome this resolution limitation, many
new optical imaging techniques, called nanoscopies,
have been further developed the past 20 years.5"
These techniques comprise structured illumination
microscopy (SIM).%% stimulated emission depletion
(STED) microscopy,®’® and single-molecule localiza-
tion microscopy (SMLM).®*%) In this latter branch,
photo-activated localization microscopy (PALM),®D
point accumulation for imaging in nanoscale topography
(PAINT), %2 stochastic optical resolution microscopy
(STORM)®® all aim at localizing single fluorescent
molecules with a nanoscopic resolution (20-40nm).”
The only difference between these three techniques is
the physicochemical strategy employed to make the
fluorescent molecules blink: PALM uses photoacti-
vatable molecules such as fluorescent proteins (GFP
for example); STORM uses ordinary fluorophores in
combination with a special chemical buffer that allows
molecules to blink between fluorescent and dark states;
and PAINT uses fluorophores that bind reversibly to their
target and do not fluoresce in solution but only when they
are bound.3?:64.65)
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Table 1 Fluorescent probes of cell viability in vitro

PEPTIDES AND PROTEINS

Molecular
weight (gmol")

Maximum emission
wavelength (nm)

Maximum excitation
wavelength (nm)

Membrane integrity

Propidium iodide (PI) 668
PO-PRO-3 351
Sytox Green 4
Ethidium bromide 394
Esterase activity

Fluorescein 332
Carboxyfluorescein 376
Calcein 623
BCECF 520
Respiratory activity

Resorufin 235
CTC formazan 265

533 617
560 600
488 514
488 605
488 496
498 517
494 520
439 550
600 615
450 630

FDA, fluorescein diacetate; CFDA, carboxyfluorescein diacetate; CFDA-AM, carboxyfluorescein diacetate acetoxyl methyl ester; BCECF,
2'.7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein; BCECF-AM, BCECF acetoxy methyl ester; CTC, 5-cyano-2,3-ditoluyl tetrazolium

chloride.
“Not communicated by the fabricant.
Source: Thermofischer, Biomérieux, Sigma-Aldrich.

3 VISUALIZATION AND QUANTIFICATION
OF BACTERIAL INACTIVATION UNDER
ANTIBIOTIC EXPOSURE

3.1 In Vitro Cell Viability

Conventional methods to study bacterial cells inactivation
by antibiotics treatments consist in enumerating bacterial
colonies that are able to reproduce on agar nutrient
plates.®® Even if these techniques are still the reference
methods to determine microbial cell viability/activity,
they are very time-consuming and do not allow dynamic
and structural observations of the bacterial population
features. It is also now acknowledged that in many condi-
tions only a small fraction of bacterial cells are culturable
on agar plate. Some bacteria can revert between states
of culturability and unculturability (VBNC state, small-
colony variants, etc.), a phenomenon that is of prime
importance when studying bacterial response to toxic
compounds such as antibiotics.?%2D In the last decades,
this raised increasing interest for the use of fluorescence
techniques (FCM, LSM, EFM, CLSM) that allow to
overcome this limitation by monitoring rapidly, nonin-
vasively and in real-time the viability state of individual
bacterial cells. 477 As defined by Joux and Lebaron,“?
the elementary requirements for viable microorganisms
to survive are: (i) an intact cytoplasmic membrane that
functions as a barrier between the cytoplasm and the
extracellular environment; (ii)) DNA transcription and
RNA translation; (iii) generation of energy for main-
tenance of cell metabolism, biosynthesis of proteins,
nucleic acids, polysaccharides, and other cell compo-
nents; and, eventually, (iv) growth and multiplication. To

evaluate each of these characteristics, a large panel of
viability/vitality stains have been developed (Table 1). For
conducting these fluorescence experiments properly, an
essential requirement concerns the choice of appropriate
fluorescent stains of cell viability that should not interact
with each other or with the antibiotic tested. If so, the
interactions should be fully characterized to interpret the
results properly.#76® Another important aspect is the
choice of an adequate instrumentation depending on
the quantitative or qualitative sensitivity expected.

3.1.1 Membrane Integrity

Assessment of membrane integrity is the most widely
spread approach to assess bacterial viability.®® Due to the
high concentrations of nucleic acids within the cells, these
staining assays consist in nucleic acid dyes that, upon
binding, exhibit great enhancement of fluorescence.*?
The large size of these probes (Table 1) allows them
to penetrate damaged membranes cells only, leading
to a specific staining of these cells.*>’” Among the
DNA probes that are routinely employed, the red dye
propidium iodide (PI) is the most commonly applied for
these assays, but ethidium bromide, PO-PRO®-3, and
SYTOX® Green have also been used.” They penetrate
both Gram-negative and Gram-positive bacteria with
damaged cytoplasmic membranes. However, a limita-
tion for the use of such stains has been reported by
Lebaron et al. concerning death assessment in the case
of treatment leading to DNA degradation (e.g. long-term
starvation).”V In this case, the fluorescent probe is unable
to label DNA, cells display a low fluorescence signal and
may be wrongfully considered as living cells.

Encyclopedia of Analytical Chemistry, Online © 20062017 John Wiley & Sons, Ltd.

This article is © 2017 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Analytical Chemistry in 2017 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470027318.a9606



SYNTHESE BIBLIOGRAPHIQUE

Chapitre 2 : Les outils de la fluorescence in vitro et in vivo pour sonder [’(in)efficacité des

antibiotiques dans [’éradication des bactéries

TAKING ADVANTAGE OF FLUORESCENT-BASED TOOLS TO PUZZLE OUT SUCCESSES 5

Simultaneously to the staining of membrane-damaged
cells, smaller fluorophores that are also able to penetrate
bacteria with intact membranes are often employed to
obtain the total number of cells present in a sample.
Among them, the 4,6-diamidino-2-phenylindole dihy-
drochloride (DAPI) and a wide range of SYTO® dyes
are valuable to enumerate total amounts of bacterial
cells.77 However, attention must be given to the
photophysical properties of these dyes for which absorp-
tion and fluorescence emission bands may overlap those
allowing identification of damaged-membranes cells.
Thus, to enumerate simultaneously bacteria with intact
membranes and compromised membranes, it is necessary
to make sure that no spectral overlap occurs between the
fluorescence emissions of the dyes employed.

The most widely used combination of probes to
assess bacterial membrane integrity is the commer-
cial BacLight™ LIVE/DEAD viability assay.’? It is
composed of two DNA-intercalating dyes: SYTO®9, a
green fluorescing permeant-membrane dye that is able
to penetrate all the cells and PI that can only penetrate
damaged-membranes cells.”> Before using this assay
as a viability test, it is of utmost importance to control
the concentration of both dyes, their interaction with
each other, and also the incorporation order.®® Indeed,
competition can occur between the two dyes since their
target is DNA in both cases. Previous observations
have demonstrated that when PI is incorporated into
the sample prior to SYTO®9, images display distinct
red-colored and green-colored bacteria. However, if the
SYTO®9 dye is incorporated first, then the two dyes
co-localize in the bacterial cells, displaying both yellow-
colored cells and red-colored cells.™ This lack of color
differentiation can lead to possible misinterpretations
of the resulting data about the physiological state of
bacteria. It must also be noted that although this kit
appellation ‘LIVE/DEAD’ suggests a differentiation
between active and dead cells, it only enables the differ-
entiation between bacteria with intact and damaged
cytoplasmic membranes.

3.1.2  Esterase Activity

To ascertain cell viability, it is recommended to further
investigate other physiological properties, such as the
esterase activity. These enzymes are common in most
living bacteria, and can be used to provide informa-
tion on the metabolic state of bacterial cells. Esterase
activity is measured using lipophilic, uncharged and
nonfluorescent substrates; the product resulting from the
enzyme-substrate reaction further exhibits fluorescence
after cleavage.*>7) Once within active cells, the substrate
is cleaved by intracellular esterases, further releasing a
polar fluorescent product that is retained inside cells

having an intact membrane. By contrast, when cells
have damaged membranes, the fluorescent product is
rapidly leaked, even if the cells retain some residual
esterase activity. Consequently, esterase activity dyes
can serve not only to probe activity, which is required
to activate their fluorescence, but also cell membrane
integrity, which is required for intracellular retention
of the fluorescent products. The use of fluorescein
derivatives such as carboxyfluorescein (formed by the
cleavage of carboxyfluorescein diacetate, CFDA), calcein
(formed by the cleavage of calcein acetoxymethyl ester,
calcein-AM) and 2'.7'-bis-(2-Carboxyethyl)-5-(and-6)-
carboxyfluorescein, BCECF (formed by the cleavage of
BCECF acetoxymethylester, BCECF-AM), is preferred
over fluorescein because they have been demonstrated
to accumulate more efficiently inside cells with intact
membranes, reducing possible residual leakage that can
occur with fluorescein.

A major limitation of this assay is that Gram-negative
bacteria can be impermeable to these lipophilic probes,
and a permeabilisation step of the outer membrane
is often required.*? To avoid this step, a commercial
product, ChemChrome B has been shown to stain
efficiently both Gram-negative and Gram-positive
bacteria.® Other limitations such as poor dye uptake
and active dye extrusion have been overcome by the
further development of ChemChrome V6 (Chemunex,
Biomérieux), which combines a counterstain to reduce
nonspecific fluorescence and a specific buffer to reduce
dye extrusion.®77%

3.1.3  Respiratory Activity

Another viability assay is based on the reduction of
nonfluorescent stains by dehydrogenase enzymes present
within metabolically active cells, to form insoluble fluo-
rescent products.”>’® An example of this type of assays
is the resazurin (7-hydroxy-3H-phenoxazin-3-one-10-
oxide) one.”"” In this test, the blue dye is nonfluorescent
until it is irreversibly reduced to the pink colored and
highly fluorescent resorufin by the oxydoreductases of
viable cells.7®7 The resazurin staining method was
shown to provide a fast and simple assay for screening
antimicrobial efficacies. However, once resorufin is
formed, if the concentration and time incubation of the
dye are not well adjusted, it can further be reduced
to hydroresorufin, an uncolored and nonfluorescent
compound.® This can lead to misinterpretation of the
results. Thus, it is of importance that the dye concen-
tration is well adapted prior to experiments in order to
obtain meaningful results.

Other well-described probes of respiratory activity are
the tetrazolium dyes.”’ As for the resazurin assay, dehy-
drogenase enzymes and/or components of the electron
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transport system of respiring cells can reduce tetra-
zolium dyes (such as the 5-cyano-2,3-ditoluyl tetrazolium
chloride, CTC) to a brightly colored, intracellular, CTC
formazan precipitate. In general, bacterial cells that
reduce tetrazolium dyes are considered viable, but cells
that fail to do so are not necessarily nonviable if a slow
metabolism is adopted by the cells.8!

The advantage of such methods is that they are rapid
and allow analysis of individual cells. Furthermore, in
contrast to the plate count method, also the nonviable
cells are also analyzed. It should however be realized that
all these methods have their own limitations, and it may
therefore be recommended that, for a good understanding
of the viability state of the cell population, the informa-
tion of more than one method should be combined.

3.1.4  Viable But Nonculturable Subpopulations

The VBNC state was initially suggested by Roszak
et al.®? for readily culturable bacteria which, under
stress conditions (nutrient depletion, oxygen deprivation,
but also antibiotic exposure), become nonculturable
but retain metabolic activity.>!%389 This subpopulation,
under favorable conditions, can give rise (o new progeny,
leading to a recurrence of infection in patients who are
thought to be cured. Regarding the negative impact
of such bacterial population, their identification and
quantification inside a biomass is of interest. This can
be achieved by combining enumeration of fluorescently
stained bacteria with FCM, and agar-grown bacteria with
conventional plate count techniques.®® Experiments can
also be completed with the detection of mRNA gene
expression by reverse transcription-PCR (RT-PCR): due
to the short half-life of this molecule, only cells that carry
out rapid transcription are detected, thus allowing to
confirm the VBNC cells viability.1:8389)

3.2 In Vivo Bacterial Infections

Besides in vitro susceptibility tests, experimental animal
models greatly aid to predict the outcomes of in
vive antibiotic treatments associated with bacterial
infections.?”#-%9) Animal models have the advantage of
determining antimicrobial efficacy at specific body sites
such as the thigh in mice; the peritoneum in mice and
rats; the lung in mice, rats and guinea pigs; endocarditis
in rabbits and rats; and meningitis in rabbits.®”) Classical
methods to evaluate in vivo bacterial inactivation under
antibiotics exposure include classical Colony-Forming
Units (CFU) counting on agar-plates samples collected
from infected animals treated or not with antibiotics.®®
One major limitation concerning this method is that the
studies are often conducted at the late and end stages
of the disease process.®”8 As a consequence, animals

PEPTIDES AND PROTEINS

sacrifice and tissue removal are required at each sampling
point, and in the case of implanted devices, the foreign
body must be removed to estimate the ex vive pathogen
burden.®®>) Therefore, such procedures can yield large
animal-to-animal variations and the consumption of high
numbers of experimental animals to determine treat-
ment efficacy.® ¥ Over the last 13 years, the field of
optical imaging has expanded from in vitro fluorescence
microscopy of cells to in vivo imaging of living animals.®”)
Recent advances in optical imaging of bacterial infections
have been propelled by the invention of genetic tools
producing fluorescent and bioluminescent bacteria, along
with the discovery of synthetic fluorescent probes that
selectively target bacterial cell surfaces. Real-time in situ
optical imaging has shown to be an effective method for
accurately monitoring, noninvasively and nondestruc-
tively, the bacterial migration, colonization, and their
response to antibiotics treatment in living animals. (282933
Importantly, these technologies enable to conduct longi-
tudinal studies during extended times (typically until 30
days).®) Each animal is then used as its own control
over time without the need for sequential sacrifices,
thus circumventing the critical issue of animal-to-animal
variations and limiting the total number of sacrificed
animals.(8-91.9%

3.2.1 Bioluminescence Imaging

To obtain an overview of how the pathogen invades
and colonizes the host, one major development in live
animal imaging is the use of bioluminescence.®® The
method was first described in 1995 by Contag and
coauthors,® and has become increasingly popular in
the context of numerous infections, including meningitis
and urinary tract infections.”” Bioluminescent bacteria
are microorganisms that can either produce light natu-
rally (without photonic excitation) or be engineered
to express luciferase enzymes that catalyze the light-
generating oxidation of substrates such as luciferin in
the presence of oxygen and ATP.®Y Since the metabolic
activity of viable cells can be detected directly on the
support, nondestructively, and noninvasively, biolumi-
nescent reporters offer a method of labeling pathogens,
which is innocuous.? Interestingly, the doubling time
of bacteria is the same for the native strains and the
bioluminescent ones.”V In addition, a loss of metabolic
activity is characterized by a loss of luminescence until
undetectable levels, enabling to monitor in real time
antibiotic treatments efficacies. However, one limitation
of such studies is that bacteria are able to exert very
low metabolic activity even if they still remain viable.
In this case, when testing an antibiotic treatment, a loss
of bioluminescence could be wrongfully interpreted as
a succeeding treatment. For example, Kadurugamuwa
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et al.’? showed that during exponential phase of growth,
bioluminescence was found to closely correlate with
viable cell count. However, once the cultures reached
the stationary phase, the bioluminescence decreased as
expected, and was no longer correlated with the number
of cells, indicating a decrease in growth and metabolic
activity of the population.

A significant number of recent studies have emphasized
the advantages of using in vivo bioluminescent imaging
for real-time monitoring of bacterial infections, and their
response to treatment, showing it to be noninvasive
and significantly more rapid and sensitive than standard
techniques.®*?¢97 In addition, the luminescence signal
intensity is proportional to the number of bacterial cells
having a metabolic activity, thus allowing to measure
quantitatively the bacterial amounts at specific sites of
infection in vivo without animal sacrifice.”® Previous
work by Kadurugamuwa et al.?1#2989 have demon-
strated the use of bioluminescent imaging techniques
to monitor subcutaneous, catheter-associated biolu-
minescent Staphylococcus aureus (S. aureus) (Xen29)
and Pseudomonas aeruginosa (P. aeruginosa) (Xen25)
infection in mice. They demonstrated that the efficacies
of antimicrobial agents belonging to different molec-
ular families could be rapidly evaluated in vivo against
such infections in real time. In particular, monitoring
bacterial infections directly in vivo is very advantageous
for the case of pathogens such as Mycobacterium tuber-
culosis (M. tuberculosis), which grow very slowly on
agar in vitro,'9%19D For example, Andreu and coauthors
developed an experimental bioluminescence-based lung
infection model using a M. tuberculosis strain carrying
a red-shifted derivative of the firefly luciferase gene
(FFlucRT) to infect mice.'°? It allowed them to visualize
the disease progression in living animals rapidly and
noninvasively, and to quantify the effect of isoniazid, a
front-line anti-tuberculosis drug. Using this model, they
could detect as few as 10* reporter bacteria in the lungs of
mice. In addition, a good correlation was found between
bioluminescence and bacterial loads and a marked
reduction in luminescence was observed in living mice
treated with isoniazid.1°” These studies have also been
conducted not only to study the efficacy of systemic and
topical antibiotic treatments against community-acquired
methicillin-resistant S. aureus wound infections, "% but
also to follow the entire process of P aeruginosa and
Proteus mirabilis urinary tract infections and antibiotic
treatment effects.*” Additional studies have reported the
possibility of using bioluminescence imaging of bacteria
in combination with fluorescence imaging of LysEGFP
mice to image antibiotic treatments effects and immune
response at the same time.(90-103)

Taken together, the bioluminescence approach enables
to investigate not only the bacterial infection process and

the antibiotic treatments efficacies, but also the infection-
induced inflammatory response and the bacterial popu-
lation rebounds, making it a valuable tool for rapid,
accurate and inexpensive in vivo preclinical screening.
One drawback of this approach is that the emission spec-
trum is generally broad and only a small percentage of
bioluminescence emission spectra extend beyond 600 nm,
which means that tissue penetration is limited and multi-
color imaging is hardly feasible.2%-9496.104.105)

3.2.2  Fluorescence Imaging

In addition to bioluminescence, bacteria can also be engi-
neered to express fluorescent proteins. Many different
mutants of the green fluorescent protein (GFP) have
been developed, and there are now plenty of variants
emitting at all colors in the visible spectrum.%® A rele-
vant example is the study of Hoffman and Zhao.!""
In this study, mice were given subcutaneous injec-
tions of Salmonella typhimurium—GFP and Escherichia
coli-RFP (red fluorescent protein). Using whole-body
fluorescence imaging, 1" the spatiotemporal infection
process was imaged with accuracy, enabling to determine
the tissue specificity of infection, the spatial migration
of the infectious agents and the host response to the
antimicrobial agent exposure.'?”) Differential antibiotic
response and resistance could then be visualized by
dual-color imaging: E. coli-RFP, susceptible to the
antibiotic administered, totally disappeared whereas
S. typhimurium-GFP, nonsusceptible to the treatment,
grew more under the antibiotic exposure.'9” Another
fluorescent protein-expressing bacteria has been used
in a number of studies, 10109110 the M. rberculosis
expressing tandem dimer tomato (tdTomato) fluorescent
protein. The use of this intrinsic fluorescent reporter
has been demonstrated in vivo for the detection of lung
infections at a concentration as low as 10° CFU/lung
in harvested lungs but reached a detection limit of 107
CFU/lung in living mice.lU This limitation has been
circumvented in a more recent study with the use of
intravital microscopy, a technique that allows even
greater depth penetration in living tissues.'" A fiber-
based microendoscope was coupled with a whole-animal
fluorescence imager to enable intravital excitation in
the mouse lung with whole-animal detection. Using this
technique, the detection limit reached 10° CFU/lung
while the threshold of detection was greater than 10°
CFU using standard epi-illumination.'%” Furthermore,
the intensity inside the animal was greatly enhanced, as
the optical path length between the source and expected
location of the fluorophore is minimized. These imaging
assays can now reduce the time required to assess the
preclinical efficacy of new drugs in animal models and
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enhance the progress of these candidates into clinical
trials against infections.('01)

While the quest for the perfect label is far from being
achieved, current reagents are undergoing development
and promise to be valuable probes for in vivo targeting of
bacteria, as long as they are selected and used properly.®
In living animals, one constraint is that the tissue absorp-
tion limits the penetration of excitation light in the visible
wavelength range, resulting in reduced excitation of
the probes localized in deep targets. To cope with this
problem, a large number of exogenous fluorescent probes
that can be excited in the near infrared (NIR) range
(700-900nm) have been developed to reduce tissue
absorbance and scattering, and thus enhance penetration
and sensitivity.!''") For example, metal complexes such
as cationic Zn-DPA (zinc-(II)-dipicolyamine), conju-
gated to NIR-cyanine or squaraine-rotaxane moieties
have been developed to label both Gram-positive and
Gram-negative bacteria with increased brightness.(!!>-11%)
A major limitation for their use in vive is that they
also have been shown to interact with apoptotic and
necrotic mammalian cells, which have negatively charged
membranes.®® Other probes that can be used in vivo
consist in targeting bacteria-specific sugar transport
systems. Ning et al. reported the use of a maltodextrin-
based imaging probe coupled with the IR786 NIR dye to
stain both Gram-positive (S. aurews) and Gram-negative
(E. coli) with a high signal to noise ratio.'’® Interest-
ingly, this probe is dependent on the metabolic state
of the bacteria and thus usable for antibiotic suscepti-
bility testing. In a recent study, an imaging nanoprobe
was synthesized with three moieties: Concanavalin A
(a lectin-binding protein with a high affinity for cell-
surface mannose residues and polysaccharides) as a
bacterial targeting ligand, a nanoparticle carrier, and a
NIR fluorescent dye (IR750).117 This probe allowed to
detect and quantify the extent of bacterial colonization
in a murine wound and catheter infection model. Other
nanoprobes such as single-walled carbon nanotubes
(SWNTs) have shown to be attractive candidates as
fluorophores for NIR-II imaging, due to their photolumi-
nescence in the 900-1400 nm range, a large Stokes’ shift,
low autofluorescence background, relative insensitivity
to photobleaching compared to organic dyes and the
ability to be functionalized with targeting/drug delivery
agents.!1® Using genetically engineered M13 virus as a
multifunctional vector, Bardhan and coauthors synthe-
sized NIR-II fluorescent SWNT probes (M13-SWNT),
with additional functionalization on the virus to target
effectively bacterial infections. The authors could demon-
strate the nanoprobes efficiency in an endocarditis model
of 8. aureus infection to illustrate an example of deep-
tissue in vivo imaging.'"® All these probes, developed

PEPTIDES AND PROTEINS

or still undergoing development for in vivo purposes, are
summed up in Table 2.

Advances in imaging technologies using biolumines-
cent and fluorescent reporters remain of great interest for
better understanding fundamental processes occurring
in vivo, such as host-pathogen interactions or preclinical
therapeutic agents testing. Nevertheless, animal infec-
tion models are, in general, developed to mimic those
in humans. For a further translation to human tests
for localizing infectious sites during and after antibi-
otics treatments, only exogenous probes represent an
appropriate option.

4 FLUORESCENCE TOOLS TO DISSECT
ANTIBIOTICS MODE OF ACTION AND
THEIR FAILURE FACE TO BACTERIAL
RESISTANCE/TOLERANCE
MECHANISMS

In the time when microorganisms develop multidrug
resistance, dissecting the molecular processes underlying
clinically used antibiotics (in)activity is becoming more
and more important.!!” In this context, fluorescence
techniques have been shown to be suitable tools. Most
of antibiotic molecules exhibit no or very low intrinsic
fluorescence or can only be excited in the deep UV-UV
range (Table 3), a drawback that can be circumvented
by the possibility of labeling antibiotics with fluorescent
molecules such as BODIPY-FL®, NBD, Alexa Fluor® or
Fluorescein (Table 3).(12%)

4.1 Antibiotics Mechanisms of Action

Antibiotics can act on the protein or nucleic acid synthesis
or on the bacterial cell wall and membrane.”” Undoubt-
edly, the cell membrane-targeting antibiotics have been
the most extensively studied ones using fluorescence-
based tools.'”> A typical example is the detailed
mechanism of action of daptomycin, a new genera-
tion cyclic lipopeptide antibiotic.013® Primary studies
by Lakey and Ptak!*» and Muraih et al.'*> exploiting
the antibiotic fluorescence and fluorescence resonance
energy transfer measurements demonstrate that this
drug forms oligomers in bacterial cell membranes,
depending both on calcium and phosphatidylglycerol,
a major component of bacterial membranes. Further
experiments aimed at elucidating the eventual role of
the membrane potential in daptomycin mechanism of
action."3® Using fluorometric and flow cytometric assays
combined with the concomitant use of membrane poten-
tial fluorescent probes, the authors could demonstrate a
daptomycin-triggered membrane depolarization further
inducing potassium release from 8. auwreus cells.13
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Table 2 Bioluminescent reporters, intrinsic fluorescent reporters and exogenous fluorescent probes adapted for in vivo bacteria
targeting: advantages and drawbacks

Target Advantages Drawbacks
Bioluminescent reporters
Xen29 8. aureus @ Low background ¢ Limited tissue penetration
@ Adapted for longitudinal studies ¢ Genetic engineering of
@ Great ability to mimic native bacteria often needed
bacterial strains @ Limited choice of emission
Xen25 P. aeruginosa @ Possibility to detect infection wavelength range
recovery following antibiotics
treatments
@ Well adapted for antibiotic
FFlucRT M. tuberculosis screening
@ Quantitative data of bacterial
amounts
@ Real-time dependent on
metabolic activity
Intrinsic fluorescent reporters
Green fluorescent protein (GFP) NA @ Adapted for longitudinal studies () Limited tissue penetration
Red fluorescent protein (RFP) NA @ Possibility to detect infection @ High autofluorescence-
recovery following antibiotics related background
treatments @  Genetic engineering of
@ Well adapted for antibiotic bacteria needed
tdTomato fluorescent protein NA screening ) Not translatable to clinical
use
Exogenous fluorescent probes
Zn-DPA metal complexes Cell membrane @ Usually coupled with NIR dyes @ Long-term possible toxicity
conjugated to NIR-cyanine or @ Deeper penetration (reduced ¥ Not adapted for longitudinal
squaraine-rotaxane tissue absorbance and studies
Maltodextrin conjugated to Maltodextrin scattering) @  Still under development (not
IR786 dye transporter @ Low autofluorescence commercial yet)
Concanavalin A conjugated toa  Cell wall background
nanoparticle carrier and an @ Reduced sensitivity to photo-

IR750 dye

bleaching

S. aureus and ®
E. coli F’Pili

M13 conjugated to SWNTs
use

Possible translation to clinical

Taken together, physical and chemical fluorescence tools
allowed to demonstrate that daptomyecin, in the presence
of calcium, inserts into the cytoplasmic membranes of
cells, 13 where it can form oligomeric pores,('39) causing
membrane depolarization and subsequent potassium ion
leakage.(13®

Among the antibiotics that target the cell wall,
‘lantibiotics’ (vancomycin, nisin, etc.) are polycyelic
peptides that have a binding specificity for the lipid II
component, a membrane-anchored cell-wall precursor
that is essential for bacterial cell-wall biosynthesis.('37
Hasper and coauthors"¥ used CLSM to evidence that
the fixation of the lantibiotic leads to lipid II displacement
at the cell division site (or septum) and thus block the
cell wall synthesis.

A significant advance was also achieved in the identi-
fication of the intracellular protein target of antibiotics.

In this domain, we can cite the work of Llano-Sotelo
et al. that identified the specific ribosomal protein target
of aminoglycosides such as streptomycin and neomycin,
using steady-state fluorescence spectroscopy.'!3%

Another interesting highlight was the intracellular
hydroxyl radical production following E. coli exposure
to various classes of bactericidal antibiotics (quinolones,
p-lactam, aminoglycoside) and bacteriostatic drugs
(chloramphenicol, spectinomycin, tetracycline, and the
macrolide erythromycin).!'*? The radical quantification
was obtained by combining cells staining with (hydrox-
yphenyl fluorescein, HPF), a reporter dye of hydroxyl
radical and flow cytometry. It was proven that only appli-
cation of lethal doses of bactericidal antibiotics promote
the formation of highly deleterious oxidative radical
species.(139)
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Table 3 Principal clinically used antibiotics and their visible-fluorescent derivatives
Antibiotic Target Maximum absorption of the Grafted fluorophore for References

native antibiotic fluorescence imaging

Penicillin Cell wall 260 nm BODIPY-FL (120.121)
Ramoplanin Cell wall a Fluorescein, BODIPY-FL 122
Vancomycin Cell wall 280 nm Fluorescein, BODIPY-FL )
Polymyxin Cell membrane 260 nm DANSYL 23)
Nisin Cell membrane a Fluorescein (124)
Daptomycin Cell membrane 360 nm BODIPY-FL, NBD, Alexa-Fluor 350 a25)
Ciprofloxacin Nucleic acids 280 nm NBP, DBD-COCI (126,127)
Norfloxacin Nucleic acids 2 NBP, DBD-COCI azn
Fleroxacin Nucleic acids 280 nm Not needed (128)
Tetracycline Protein synthesis 490 nm Not needed (129-131)
Paromomycin Protein synthesis a DANSYL (132)

BODIPY-FL, 44-difluoro-5,7-dimethyl-4-bora-3a.4a-diaza-s-indacene-3-propionic acid; DANSYL, 1-dimethylaminonaphthalene-5-sulphonyl
chloride; NBD, nitrobenzoxadiazole; NBP, nile blue perchlorate; DBD-COCI, 4-(N,N-Dimethylaminosulfonyl)-7-(N-chloroformylmethyl-N-

methylamino)-2,1,3-benzoxadiazole.
“Unpublished.

4.2 Bacterial Resistance to Antibiotics

Bacteria are able to protect themselves from external
aggressions by acquiring or developing resistance to
antibiotics. One of the major lines of defense of bacteria
is to limit the intracellular concentrations of the drug
by its extrusion via efflux pumps.!® This results in
a sublethal concentration of the drug present at the
target site, leading to treatment failure. In this context,
Kascakova and coauthors measured for the first time the
intracellular concentration of the antibiotic, fleroxacin,
by quantifying its intrinsic fluorescence after deep UV
excitation from a synchrotron beamline.!*? They were
able to assess the threshold of intracellular accumulation
required for antibacterial activity. When concentra-
tions were too important, efflux pumps were activated,
inhibiting antibiotics effects.("4))

In specific cases, infection treatments require prolonged
drug exposure that can lead to the apparition of bacte-
rial persisters, a slow-growing/dormant subpopulation. In
addition to this physiological quiescence, it was recently
demonstrated that this subpopulation exhibits intracel-
lular accumulation of the fluorescently labeled penicillin
that was correlated to an overexpression of a specific
efflux gene.'*? Persistent bacteria were shown to ensure
a double protective strategy to survive under antibiotic
attack and appear to be at risk for the host since they
can constitute a reservoir of pathogens triggering recur-
rent chronic infections.(14?)

Another bacterial path to circumvent antibiotics
action consists in reducing the bacterial membrane
permeability, thus limiting the incorporation of drugs
(e.g. daptomycin) into the cells. This was highlighted
by comparing the degree of fluorescence polarization

(polarization index) values of daptomycin-susceptible
and daptomycin-resistant strains labeled with a fluo-
rescent probe that incorporates into cell membranes
(DPH, 1,6-diphenyl-1,3,5-hexatriene): an inverse corre-
lation exists between the polarization index values and
membrane fluidity.136143-159 Another strategy employed
by daptomycin-resistant bacteria is to ‘mask’ the drug
target to divert the antibiotic. In this context, Tran et al.
used fluorescence imaging to discriminate daptomycin
localization between susceptible and resistant strains:
a homogenous cell membrane distribution in the case
of susceptible strains and a localization in a spotty
pattern for the resistant cells.!5" This diversion of the
antibiotic localization was mediated by a redistribution
and an increasing of cell membrane cardiolipin-rich
microdomains in resistant cells.152-15%

4.3 Bacterial Tolerance to Antibiotics

Besides bacterial resistance mechanisms, a myriad
of physiological changes can occur in a bacterial
community. This is especially evident when a bacte-
rial population is included in spatially organized
biofilms. In hospital and communities, biofilms are
frequently associated with chronic infections such
as endocarditis, sinusitis, osteomyelitis, and various
implant-associated infections. ~Antibiotic-susceptible
planktonic bacteria can be eradicated with the combined
action of antibiotics and host immune responses,
whereas biofilm-enclosed bacteria can show a signif-
icant recalcitrance to antibiotics.”> The mechanism
of protection involved in this case is called ‘toler-
ance’, and is reversible when bacteria are resuspended.
This altered biofilm susceptibility toward antibiotics
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is attributed to multiple factors. One of them is the
inability of the drugs to penetrate to all areas of
the biofilm. Several studies aimed at verifying if the
antibiotic could reach the biofilms depth in order to
address the role of penetration barrier in biofilm-
associated drug tolerance.1?*155-158) Besides a variety
of nonfluorescent-based methods such as agar disk-
diffusion assays,™” time-lapse fluorescence imaging
gives access in real time to the penetration rate and the
overall distribution of the antibiotic through the three
dimensions of biofilms.12136-158160) Tt was shown that
even if the antibiotic penetration can be significantly
delayed in certain cases, the drug readily penetrates the
deepest layers of the biomass, and can generally not
account for the overall tolerance of biofilms to antibiotic
treatment.(?

Another factor that is generally invoked to have a
role in antibiotics tolerance by biofilms is the lack of
drug bioavailability. This can be accessed by image-
based fluorescence recovery after photobleaching
(FRAP), a method routinely implemented on commer-
cial CLSMs.“7160 Tt is based on a brief excitation of
fluorescent molecules by a very intense light source
in a user-defined region to irreversibly photobleach
their fluorescence.'%?) Fluorescence recovery is then
probed over time at a low light power in the same
photobleached region. The time course of fluorescence
intensity recovery can then be analyzed with analytical
models, giving access to the quantitative mobility of
the fluorescent molecules, and allowing the diffusion
coefficients determination. If most of the antibiotics
molecules are linked to their environment, no recovery
of the fluorescence is observed. By contrast, if a partial or
total recovery of the fluorescence is observed, this means
that a proportion of antibiotic molecules are diffusing
freely and are thus bioavailable. Previous studies were
conducted to examine the penetration, diffusion, and
bioavailability of clinically-used antibiotics, vancomycin
and daptomycin.!**!5" The authors demonstrated that
neither the penetration nor the bioavailability of the
antibiotics were responsible for biofilms tolerance toward
antibiotics.

To analyze the interaction occurring between antibiotics
and biofilm cells, fluorescence correlation spectroscopy
(FCS) is a well-adapted technique that benefits of a
single molecule resolution.“71%¥  This fluorescence-
based technique consists in monitoring the emission
intensity fluctuations of fluorophores due to a small
number of molecules passing through the confocal
excitation volume; these fluctuations can then be quan-
tified in their amplitude and duration by temporally
autocorrelating the recorded intensity signal. Daddi-
Oubekka et al. used FCS to study the diffusion/reaction
process of a fluorescent vancomycin derivative inside

11

live S. aureus biofilms."*® They demonstrated that at
nanomolar concentrations, no free diffusion of the antibi-
otic occurred, strongly suggesting that the bacterial
receptors were saturated.

A complementary technique that can be used to study
the interaction of antibiotics fluorescent derivatives with
biofilm-encased bacteria is fluorescence lifetime IMaging
(FLIM).®7-158 This approach consists in measuring the
fluorescence decay of a fluorophore over time!!63164 ip
each point of the whole volume, giving access to a ‘map’
of fluorescence lifetimes. This parameter is independent
of the fluorescent molecules concentrations but can
vary when an interaction occurs with the environment,
allowing to highlight for example the interaction of a fluo-
rescent antibiotic with its biological target as reported for
S. aureus cells with vancomycin.47:136.163)

5 CONCLUSION AND FUTURE PROSPECTS

Recent advances in fluorescence tools and in partic-
ular fluorescence microscopy, together with the large
panel of fluorescent probes already developed or under
development have undoubtedly transformed the study
of antibiotics effects on infectious bacteria, both in
vitro and in vivo. Fluorescence tools have also demon-
strated their value to dissect molecular events involved
in antibiotic action, but also to explore the panel of
strategies employed by bacteria to circumvent antibi-
otics actions. One major challenge of current research
in microbiology is the micro- to submicrometric size of
bacteria that renders the use of fluorescence microscopy
very challenging in probing nanoscale molecular events.
To achieve such a scale, nanoscopy technologies are
emerging in microbiology. The resolution improvements
enabled by these techniques will be very useful to address
questions such as antibiotics localization and further
modifications induced inside bacteria with a nanometric
resolution. Another development considered is the
coupling of fluorescence microscopy with nonfluorescent
ones such as atomic force microscopy to complement
information about biological processes.

In animal models, the development of new technolo-
gies such as whole-animal bioluminescence and fluores-
cence imaging, together with the development of ever-
new fluorescent reporter strategies have made the study
of disease progression and the efficacy of antibiotics treat-
ments more precise and accurate. Nevertheless, the use of
whole-animal imagers gives access to macroscale events
only. To circumvent this limitation, implementations such
as the coupling of dorsal chambers to CLSM or TPE
microscopy, already performed in the context of cancer
diseases, would allow to reach the single cell cellular scale.
Another big challenge in animal imaging is the tissue
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scattering of excitation light, preventing the imaging of
deep targets. To cope with this issue, the application
of TPE microscopy for example could allow effective
deeper localization of a wider panel of probes indepen-
dent on their excitation and emission wavelengths. Taken
together, fluorescence tools have greatly contributed to a
better knowledge of the microbial world, and undergoing
developments show to be promising for pursuing research
in this sense.

ABBREVIATIONS AND ACRONYMS

BCECF 2" 7'-bis-(2-Carboxyethyl)-5-(and-6)-
carboxyfluorescein

BCECF-AM BCECF acetoxymethylester

CFDA Carboxyfluorescein Diacetate

CLSM Confocal Laser Scanning Microscopy

CTC 5-cyano-2,3-ditoluyl Tetrazolium
Chloride

DAPI 4,6-diamidino-2-phenylindole
Dihydrochloride

EFM Epifluorescence Microscopy

FCM Flow Cytometry

FCS Fluorescence Correlation Spectroscopy

FFlucRT Firefly Luciferase Gene

FLIM Fluorescence Lifetime Imaging

FRAP Fluorescence Recovery after
Photobleaching

GFP Green Fluorescent Protein

LSC Laser Scanning Cytometer

LSM Laser Scanning Microscopy

MBC Minimum Bactericidal Concentration

MIC Minimum Inhibitory Concentration

MRSA Methicillin-resistant Staphylococcus
aureus

NIR Near Infrared

PAINT Point Accumulation for Imaging in
Nanoscale Topography

PALM Photo-activated Localization Microscopy

PCR Polymerase Chain Reaction

PI Propidium Iodide

RFP Red Fluorescent Protein

RT-PCR Reverse Transcription-PCR

SIM Structured Ilumination Microscopy

SMLM Single-molecule Localization Microscopy

STED Stimulated Emission Depletion

STORM Stochastic Optical Resolution
Microscopy

SWNT Single-walled Carbon Nanotube

TPE Two-photon Excitation

VBNC Viable But Nonculturable
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Parmi les complications associées a la pose de protheses vasculaires, les infections a biofilms
de S. aureus font partie des plus séveres et conduisent généralement a I’exérése de la prothése
infectée. Ce type d’infections ne bénéficie aujourd’hui d’aucune prise en charge médicale
standardisée (choix de I’antibiotique, concentration), sans doute faute de données suffisantes
sur les biofilms in vivo. 1l apparait donc nécessaire de développer des modeles dans le but de
caractériser leur structure et d’identifier le (ou les) antibiotique(s) et la(les) concentration(s) les
plus adaptés pour les éradiquer.

C’est dans ce contexte que s’inscrit la premiére partie de ce travail de theése, dont les
résultats sont rapportés dans les articles 1 et 2. Réalisée en collaboration avec des chercheurs
cliniciens du Laboratoire de Thérapeutique Expérimentale et Clinique des Infections du CHU
de Nantes, I’objectif de cette étude a été de mettre au point un modele animal d’infections sur
prothese vasculaire a travers lequel il est possible de décrire la structure des biofilms in vivo et
d’évaluer quantitativement et visuellement 1’activité et les effets des traitements antibiotiques.

Pour ce faire, Matthieu Revest, médecin spécialisé en infectiologie, a développé un modeéle
expérimental d’infection a biofilms de S. aureus sur prothese vasculaire en Dacron®
(polyéthylene téréphtalate) implantable chez la souris. 1l a ainsi été possible de comparer
différents traitements antibiotiques a base de cloxacilline, vancomycine et daptomycine, seules
ou en association avec la rifampicine (Figure 4). La cloxacilline est une B-lactamine prescrite
en premiere intention dans le traitement des infections staphylococciques. La vancomycine (un
glycopeptide) et la daptomycine (un lipopeptide cyclique) sont indiquées dans le traitement
d’infections multirésistantes. Concernant, la rifampicine, il s’agit d’une rifamycine le plus
souvent utilisée en 1’associant avec un autre antibiotique du fait de sa capacité a générer tres
rapidement des mutants résistants. Dans notre étude, différentes souches de S. aureus ont été
utilisées, sensibles ou résistantes a la méticilline (MSSA ou MRSA), qu’elles soient de
collection ou cliniques. Les résultats obtenus a travers cette étude nous ont permis de montrer
d’une part que les concentrations nécessaires pour inhiber la croissance des biofilms formés sur
pastilles de Dacron® in vitro (notées dMBIC dans I’article 2) étaient tres largement supérieures
aux concentrations minimales inhibitrices (notées MIC dans I’article 2) mesurées classiquement
sur des bactéries planctoniques. Par ailleurs, la mesure de I’activité des antibiotiques dans
I’éradication des infections a biofilms chez la souris a montré que les antibiotiques seuls étaient
globalement moins actifs que leurs associations avec la rifampicine. Une particularité concerne
la daptomycine, dont I’efficacité est similaire qu’il s’agisse de souches MSSA ou MRSA. Un
seul cas se distingue, celui de la souche MRSA clinique (BCB8) qui s’est révélée
particuliérement sensible a I’antibiotique.

Quelle est la structure du biofilm in vivo ? Dans quelle mesure interagit-il avec les
cellules immunitaires et la matrice extracellulaire (tissus, ...) de I’hote ? Pour répondre a ces
questions, nous avons explanté les implants de souris infectées, traitées ou non par
antibiothérapie et les avons visualisés par microscopie confocale de fluorescence. Grace a
I’utilisation de marqueurs fluorescents des bactéries, nous avons pu mettre en évidence une
structure de biofilms beaucoup moins épaisse que celle des biofilms modeles qui se développent
in vitro. Un autre résultat d’intérét obtenu grace a I’utilisation de sondes fluorescentes
spécifiques est la mise en évidence de la présence des cellules immunitaires (polynucléaires et
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macrophages) sur le site de I’infection mais aussi la présence de bactéries vivantes a 1’intérieur
des macrophages, la ou les antibiotiques (vancomycine et daptomycine) ne pénétrent pas. Les
macrophages apparaissent ainsi comme un potentiel réservoir de bactéries de S. aureus, a
I’origine de la résurgence des infections chez I’hdte.

Les résultats sont présentés sous la forme de deux publications, un article paru dans
Journal of Antimicrobial Chemotherapy, 2016 (doi:10.1093/jac/dkv496), « New in vitro and
in vivo models to evaluate antibiotic efficacy in Staphylococcus aureus prosthetic vascular
graft infection» et un autre en cours de soumission a Journal of Infectious Diseases :
« Intramacrophagic Staphylococcus aureus in prosthetic vascular graft infections as
potential responsible of antibiotic therapy failure : observations of an ex-vivo model. »

Cloxacilline Vancomycine

WNHCH,

}‘OH

Daptomycine

/\N\

& f;ﬁf | ;’jﬂ

Figure 4. Structures chimiques des antibiotiques étudiés.
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3.1. Article 2 : “New in vitro and in vivo models to evaluate antibiotic
efficacy in Staphylococcus aureus prosthetic vascular graft infection”

Matthieu Revest, Cédric Jacqueline, Rym Boudjemaa, Jocelyne Caillon, Valérie Le

Mabecque, Anne Bretéché, Karine Steenkeste, Pierre Tattevin, Gilles Potel, Christian
Michelet, Marie-Pierre Fontaine-Aupart, David Boutoille

Journal of Antimicrobial Chemotherapy, 2016
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Objective: Prosthetic vascular graft infection (PVGI) is an emerging disease, mostly caused by staphylococci, with
limited data regarding efficacy of current antistaphylococcal agents. We aimed to assess the efficacy of different
antibiotic regimens.

Methods: Six different strains of MSSA and MRSA were used. We compared results of minimal biofilm inhibitory
and eradicating concentrations (MBICs and MBECs) obtained with a Calgary Biofilm Pin Lid Device (CBPD) with
those yielded by an original Dacron®-related minimal inhibitory and eradicating concentration measure
model. We then used a murine model of Staphylococcus aureus vascular prosthetic material infection to evaluate
efficacy of different antibiotic regimens: vancomycin and daptomycin combined or not with rifampicin for MRSA
and the same groups with cloxacillin and cloxacillin combined with rifampicin for MSSA.

Results: We demonstrated that classical measures of MBICs and MBECs obtained with a CPBD could overestimate
the decrease in antibiotic susceptibility in material-related infections and that the nature of the support used
might influence the measure of biofilm susceptibility, since results yielded by our Dacron®-related minimal eradi-
cating assay were lower than those found with a plastic device. In our in vivo model, we showed that daptomycin
was significantly more bactericidal than comparators for some strains of MRSA or MSSA but not for all. For the
majority of strains, it was as efficient as comparators. The addition of rifompicin to daptomycin did not enhance
daptomycin efficacy.

Conclusions: Despite the heterogeneity of results according to bacterial strains, these innovative models
represent an option to better evaluate the in vitro efficacy of antibiotics on Dacron®-related biofilm S. aureus

infections, and to screen different antibiotic regimens in a mouse model of PVGIs.

Introduction

More than 400000 vascular grafts are inserted annually in the
USA® and ~50000 in France.? Prosthetic vascular graft infections
(PVGIs) are among the most serious complications associated
with these procedures,! with 30 day and 1 year mortality rates
of 10%-25% and 50%, respectively.® Staphylococcus aureus is
the main pathogen, and MRSA accounts for almost 50% of
S. qureus PVGIs in North America.” Clinical data regarding the opti-
mal antibiotic therapy for these infections are scarce, in the
absence of any comparative clinical trial dealing with the treat-
ment of PVGIs.” Hence, experimental data are needed to better
identify the optimal antibiotic regimens for PVGIs.

Biofilm development on the vascular prosthesis plays a signifi-
cant role in the difficulties encountered when treating PVGIs.
Firstly, biofilm acts as a mechanical barrier against antibiotic
penetration. Secondly, bacteria embedded in a mature biofilm
enter into an altered metabolic state associated with a dramatic
decrease in susceptibility to most antibiotics.®” Many studies
showed that minimal biofilm inhibitory concentrations (MBICs)
and minimal biofilm eradicating concentrations (MBECs) of anti-
biotics are much higher than their respective MICs, and their
MBCs as measured in planktonic bacteria.®'° However, most
studies evaluated antibiotic efficacy on artificial materials not
used in clinical practice, although the nature of the material
may influence these results. In addition, although helpful,

© The Author 2016. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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in vitro data may fail to capture what happens in vivo. Animal
models of PVGIs have mainly been used to evaluate techniques
to prevent PVGIs,' ~**but no animal model assessing the efficacy
of antibiotics against infection of the Dacron® vascular prosthesis
used in clinical daily practice has been described so far.

In this study, we investigated the activities of cloxacillin, vanco-
mycin, daptomycin and rifampicin against different strains of MSSA
and MRSA in vitro. Those activities were determined against plank-
tonic bacteria (MIC and MBC) and adherent bacteria (MBIC and
MBEC). To evaluate whether the nature of the support influences
MBIC and MBEC results, two different techniques were used: a
widely used medified version of the Calgary Biofilm Pin Lid Device
(CBPD) and an original model of Dacron®-related biofilm. Then,
cloxacillin, vancomycin and daptomycin, combined or not with
rifampicin, were evaluated in a new mouse model of vascular pros-
thetic material infection, using the same strains of S. aureus.

Materials and methods
Bacterial strains

Six different strains of S. aureus were used for all experiments. For MSSA we
used two clinical strains, hereafter named 171 and 176, isolated from
patients with S. aureus bloodstream infections, and one strain from the
American Type Culture Collection: ATCC 27217. For MRSA we used two
strains, hereafter named BCB8 and 117, also isolated from blood cultures,
and one ATCC strain: ATCC 33591. Bacteria were stored in a cryovial bead
preservation system at —80°C.

Antimicrobial agents

Clinical forms of the following antibiotics were used: cloxacillin (Astellas
Pharma, Levallois-Perret, France), stored in a 100 mg/mL stock solution;
vancomycin (Sandoz, Levallois-Perret, France), stored in a 50 mg/mL
stock solution; daptomycin (Novartis Pharma SAS, Rueil-Malmaison,
France), stored in a 50 ma/mL stock solution; and rifampicin (Sanofi-
Aventis, Paris, France), stored in a 60 mg/mL stock solution. All stock
solutions were prepared in sterile, pyrogen-free 0.9% saline except for
rifampicin, which was prepared in sterile water, and stored at —80°C
before utilization.

In vitro experiments

All the following experiments were performed at least in duplicate, with all
the staphylococcal strains evaluated. Biofilm formation was compared
between polystyrene (CPBD) and Dacron® using confocal microscopy.

MICs and MBCs

The MIC and the MBC values for cloxacillin, vancomycin, daptomycin and
rifampicin were determined by the broth macrodilution method in CAMHB,
according to EUCAST. Media were supplemented with 50 mg/L Ca?* for
daptomycin.

MBICs and MBECs

A modified Calgary device was used as previously described.®!® Briefly,
biofilm was formed by immersing pegs of a modified microtitre lid into
wells of a flat-bottom 96-well microtitre plate. Each well was filled with
150 pl of a 3 McFarland S. aureus broth medium solution. After 24 h of
incubation at 37°C, peg lids were rinsed three times in sterile water, placed
onto flat-bottom microtitre plates containing 2-fold dilutions of antibiotic
in 150 L of CAMHB per well, and incubated for 24 h at 37°C. The MBIC was
defined as the minimal concentration of antibiotic inhibiting bacterial

growth, as determined by reading the turbidity of the medium at
650 nm. Pegs with no bacterial growth were again rinsed three times
with sterile water and sonicated (Aquasonic sonicator, 35 kHz for 5 min)
followed by vortexing for 30 s to remove biofilm from the support. A
new cover plate was added and this new device was cultured for 24 h at
37°Cin CAMHB. The MBEC was defined as the minimal concentration of
antibiotic where no bacterial growth was documented.

Dacron™-related minimal biofilm inhibitory concentrations
(dMBICs) and Dacron®-related minimal biofilm eradicating
concentrations (dMBECs)

Commercially available woven Dacron® grafts (Cardial™, Bard, Saint-
Etienne, France) were cut into 1 cmx1 cm squares and sterilized. To
cover the biomaterial with proteins and thus to facilitate the bacterial
graft, these Dacron®™ sheets were incubated at 37°C under sterile condi-
tions with horse serum for 24 h. They were rinsed three times with sterile
water to remove the horse serum and then incubated for 24 h at 37°Cwith
1 mL per patch of Mueller-Hinton broth (MHB) containing 10® cfu/mL of
S. aureus. Again, they were rinsed three times in sterile water to eliminate
planktonic bacteria, dried with a sterile gauze compress and plunged
into tubes filled with CAMHB containing no antibiotic (control groups) or
serial antibiotic dilutions, and incubated for 24 h at 37°C. dMBIC for each
antibiotic and strain couple was defined as the antibiotic concentration of
the first tube with no visible bacterial growth. Then, Dacron®™ patches with
no bacterial growth were removed from their tubes, rinsed three times in
sterile water, dried with a sterile gauze compress and plunged again into
MHB. Sonication (35 kHz for 5 min) was performed followed by vortexing
for 30 5. MHB containing the Dacron™ sheets was incubated for 24 h at
37°C. dMBEC was defined as the antibiotic concentration of the first tube
with no bacterial growth.

Confocal microscopy evaluating biofilm formation
depending on the support

Twenty-four hour biofilms prepared as previously described were observed
using a Leica TCS SP5 confocal laser-scanning microscope (Leica
Microsystems, France). Bacteria were stained with 2.5 uM Syto9*
(Invitrogen), which is able to penetrate all bacteria, and 5 pL of 1 mg/mL
propidium iodide (PI, Invitrogen), which can only penetrate dead cells.
Syto9™ and PI were excited at 488 and 543 nm, respectively, and their
fluorescence emissions were collected between 500 and 600 nm for
Syto9™ and between 640 and 750 nm for PI. Images were acquired using
a x63 oil immersion objective with a numerical aperture of 1.4. The size of
the confocal images was 512x512 pixels (82x82 pm?), recorded with a
z-step of 1 pm and a x3 zoom. For each biofilm, at least four different
regions were analysed.

In vivo experiments

All experiments were approved by the French Ministry of Research and the
regional animal ethics committee and animals were cared for in line with
national guidelines.

Animals

Four-week-old female Swiss mice (RjOrl/SWISS, Janvier Laboratory, St
Berthevin, France) weighing ~20 g were maintained on a 12 h light/dark
cycle with free access to food and water. Eight to 15 animals per group
were used for analysis.

Biomaterial

Sterile 1 cm? squares of commercially used Dacron® were incubated with
sterile serum from healthy fernale Swiss mice for 24 h at 37°C. Then, they
were implanted into mice.
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Evaluation of antibiotics in vascular prosthesis infections

JAC

Surgical procedures

Mice were anaesthetized with ketamine (70 mg/kg) and xylazine (10 mg/kg)
through intraperitoneal (ip) injection. Under sterile conditions, a 10 mm
horizontal incision in the centre of the back was made to create a subcuta-
neous pocket. A sterile Dacron® patch was implanted into this pocket. Skin
was closed with sutures (Vicryl 5/0). Two days after Dacron®™ implantation, a
saline solution (0.2 mL) containing 107 cfu of S. aureus was transcuta-
neously inoculated onto the graft surface. During inoculation, mice were
anaesthetized with isoflurane (0.8 L/min, 3%).

Antimicrobial treatment regimens

All the antibiotics used were administered at dose regimens resulting
in serum concentrations similar to those obtained in humans. Mice were
randomized into 14 groups. For MRSA the groups were as follows: no

(a)

treatment (controls); vancomycin group [subcutaneous (sc) injection,
110 mg/kg/12 hJ;'® daptomycin group (50 mg/kg/24 h, sc);'’ rifampicin
group (30 mg/kg/12 h, ip);'® vancomycin/rifampicin group; and daptomycin/
rifampicin group. For MSSA we used the same groups plus a cloxacillin
group (200 mg/kg/12 h, sc)'® and a cloxacillin/rifampicin group.
Vancomycin and cloxacillin solutions were prepared in sterile 0.9% saline,
daptomycin in sterile Ringer-lactate solution and rifampicin in sterile 5%
glucose serum. Mice were treated for 48 h and then euthanized following
international guidelines.

Bacterial counts

Dacron® patches were removed under aseptic conditions, homogenized in
0.5 mL of saline buffer and vortexed for 30 s. Fifty microlitres of this solu-
tion was used for quantitative bacterial cultures. The Dacron® patches
were then sonicated (35 kHz for 5 min) and 50 pL of the supernatant

MSSA 27217

MRSA BCB8

Figure 1. Visualization of MSSA and MRSA 24 h biofilms on polystyrene (a) and on Dacron (b) using section views to observe biofilm thickness. All bacteria
were stained green with Syto9”. Acquisition was performed on the whole biofilm thickness with an axial displacement of 1 um. Image dimension is
82x82 um. Scale bars correspond to 20 um. Only biofilms for MSSA 27217 and MRSA BCB8 are represented since they were representative of all
biofilms visualized for other strains. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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was inoculated for cultures on tryptic soy and Chapman agar plates, incu-
bated at 37°C. The bacterial count was performed after 48 h of incubation.
Spleens were also homogenized in 1 mL of saline buffer for bacterial
cultures. Animals for which the spleen bacterial cultures were positive
were considered to be bacteraemic. When there was a positive bacterial cul-
ture, in vitro drug susceptibility testing was performed using the Vitek 2
automated identification and susceptibility testing system with the
Advanced Expert System (bioMérieux, Lyon, France), and results were
interpreted according to the EUCAST criteria.

Statistical analysis

GraphPad Prism software (version 6.0; GraphPad Software, San Diego, CA,
USA) was used. Normally distributed data were analysed using analysis of
variance to compare effects between the different groups, followed by
Bonferroni's test to compare the groups two by two. P<0.05 was consid-
ered to be statistically significant.

Results

In vitro efficacy of antibiotics in biofilms is influenced by
the nature of the support

Confocal microscopy confirmed biofilm formation for all strains on
polystyrene (Figure 1a) or Dacron® (Figure 1b). However, biofilms
formed on Dacron® sheets were less dense and thick compared
with those found with the modified CPBD.

MBIC and MBEC measures demonstrated a dramatic reduction
in bacterial susceptibilities to all antibiotics tested, for all strains.
dMBICs and dMBECs were also higher than MICs and MBCs for all
strains tested. However, decreases in susceptibilities were less

pronounced on Dacron® than on polystyrene, with the modified
Calgary device (Table 1); for all conditions evaluated, MBECs
were much higher than dMBECs.

Daptomycin efficacy on MRSA vascular prosthetic
material infection is superior to comparators for one
strain but not for others

There was no difference between bacterial cultures before and after
Dacron® sonication. For MRSA BCB8, daptomycin was significantly
more bactericidal than vancomycin, with a dramatic reduction
of bacterial load after 48 h of treatment (—5.85 logso cfu/cm?
compared with the control group, P<0.001; —3.47 logo cfulcm?
compared with vancomycin, P<0.001), whether or not it was com-
bined with rifampicin. The bactericidal activity of vancomycin was
significantly improved when combined with rifampicin, although
this combination remained less bactericidal than daptomycin alone
against this isolate (P<0.001). Rifampicin monotherapy demon-
strated good efficacy (—4.5 logso cfu/cm? versus control group,
P<0.001) (Figure 2). No emergence of antibiotic resistance was
observed on bacteria recovered from positive cultures.

For MRSA 117 and 33591, results were strikingly different.
For both strains, there were no significant differences be-
tween daptomycin, vancomycin and rifampicin monotherapies.
Combined therapies demonstrated no significant benefit com-
pared with monotherapies (Figure 2). Although not statistically
significant, there was a trend towards higher efficacy of vancomy-
cin/rifampicin compared with daptomycin/rifampicin. Once again,
no antibiotic resistance was documented after treatment for both
strains.

Table 1. In vitro drug susceptibility testing for the bacterial strains used in this study (mg/L)

Classical methods

Biofilm on Dacron Biofilm on polystyrene

Bacterial strains Antibiotic MIC MBC dMBIC dMBEC MBIC MBEC
MRSA BCB8 vancomycin 1 1 1 >32 1 >256
daptomycin 0.125 0.125 0.5 8 1 >256
rifampicin <0.06 <0.06 <0.125 >1 0.015 >8
117 vancomycin 1 4 4 16 1 >256
daptomycin 1 2 2 64 1 >256
rifampicin 0.015 0.03 0.015 >0.5 0.015 >8
33591 vancomycin 5 2 4 16 2 >256
daptomycin 0.25 0.5 2 >16 1 >256
rifampicin 0.0075 0.015 0.015 0.5 0.0075 >8
MSSA 171 cloxacillin 0.25 0.5 2 >32 0,25 >256
vancomycin 1 1 8 32 4 >256
daptomycin 0.5 0.5 4 >32 4 >256
rifampicin 0.015 0.03 0.125 >0.25 0.015 >8
176 cloxacillin 0.5 0.5 2 >32 0.5 >256
vancomycin 1 1 2 16 1 >256
daptomycin 0.5 0.5 2 >64 0.5 >256
rifampicin 0.015 0.03 0.125 >0.5 0.015 >8
27217 cloxacillin 0.5 0.5 1 16 0.25 >256
vancomycin 1 1 8 >32 8 >256
daptomycin 0.25 0.25 1 >8 2 >256
rifampicin <0.06 0.125 2 2 0.03 >8
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Figure 2. Bacterial counts on Dacron patches and spleens after 48 h of treatment for MRSA infection. C, controls; V, vancomycin; D, daptomycin; R,
rifampicin; V-R: vancomycin/rifampicin; D-R, daptomycin/rifampicin. Asterisks represent results of comparisons between control groups and each
therapeutic group (*P<0.05; **P<0.01; ***P<0.001); § P< 0.001, comparison between vancomycin and daptomycin for MRSA BCB8. Number of mice

per antibiotic regimen: strain BCBS, 12; strain 117, 10; and strain 33591, 14.

Spleen cultures were more frequently positive for controls than
for therapeutic groups. There was no significant difference
between therapeutic groups.

Daptomycin efficacy against MSSA vascular prosthetic
material infection also depends on bacterial strains

As for MRSA, bacterial cultures after sonication did not differ from
those without sonication. Daptomycin was significantly more bac-
tericidal than cloxacillin for MSSA 176 (—1.27 logo cfu/cm?, 95%
CI 0.32-2.22, P<0.05), but not for MSSA 27217 and MSSA
171 (Figure 3). A trend towards better efficacy of daptomycin
versus vancomycin against MSSA 176 (—1.1 logyq cfu/cm?,
95% CI —0.16 to 2.37) was observed. Daptomycin and cloxacillin
demonstrated higher efficacy than vancomycin against MSSA 171
[—2.72 logso cfu/em? (95% C10.75-3.79) and —2.1 logyo cfu/cm?
(55% CI1 0.55-3.65), respectively; P<<0.001 for both]. Combination
of cloxacillin, vancomycin or daptomycin with rifampicin was
more bactericidal than monotherapies for the 27217 strain. This
effect was less pronounced for strains 171 and 176. Surprisingly,

the combination of daptomycin with rifampicin was less efficient
than cloxacillin/rifampicin (—1.76 logyo cfufem?, 95% C10.61-2.9,
P<0.01) or vancomycin/rifampicin (—2.17 logyo cfu/cm?, 95%
CI 1.1-3.25, P<0.001) for MSSA 27217. No emergence of anti-
biotic resistance was documented for any of the conditions
tested.

Spleen cultures were less often positive for MSSA than for
MRSA, and no significant difference between the different condi-
tions was noticed.

Discussion

The main findings of these experimental studies are: (i) the results
of in vitro biofilm antibiotic susceptibility assays may vary accord-
ing to the nature of the support used; (ii) our mouse model of
S. aureus vascular graft infection allowed us to test a large number
of bacterial strains and antibiotic regimens and could pave the
way towards a better understanding of antibiotic efficacy in
PVGIs; (iii) although more efficient than comparators for some
bacterial strains, daptomycin was most of the time not superior
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Figure 3. Bacterial count on Dacron sheets and spleen after 48 h of treatment for MRSA infection. CL, cloxacillin; C, controls; V, vancomycin;
D, daptomycin; R, rifampicin; V-R, vancomycin/rifampicin; D-R, daptomycin/rifampicin. Asterisks represent results of comparisons between control
groups and each therapeutic group (*P<0.05; ***P<0.001); * P<0.05, comparison between controls and daptomycin for MSSA 176; & P<0.01,
comparison between cloxacillin/rifampicin and daptomycin/rifampicin for MSSA 27217; # P<0.001, comparison between vancomycin/rifampicin and
daptomycin/rifampicin for MSSA 27217. Number of mice per antibiotic regimen: strain 171, 8-12; strain 176, 10-15; strain 27217, 12-15.

to vancomycin or cloxacillin; and (iv) combination with rifampicin
did not enhance the bactericidal effect of daptomycinin this model.

Decreased antibiotic efficacy in material-related infections has
been highlighted by many studies using biofilm susceptibility
tests, including the Calgary device.®!*?%?1 Although not recom-
mended routinely,’? these techniques illustrate that MBICs and
MBECs are much higher than MICs and MBCs, with limited
prospects for clinical cure since these concentrations are not
achievable in humans.??! However, these techniques use poly-
styrene devices, which are significantly different from the bioma-
terials used for vascular prostheses. Therefore, results obtained
with these procedures may not be relevant for PVGIs. We devel-
oped a model to evaluate specific MBICs and MBECs on
Dacron®, referred as dMBICs and dMBECs, to better assess the
decrease in antibiotic efficacy on bacteria embedded inside the
biofilm on vascular prostheses. In this model, while dMBICs and

MBICs were comparable, dMBECs were lower than MBECs,
although higher than MBCs. For instance, dMBICs and dMBECs
of rifampicin were in the range of concentrations achievable
in humans for most bacterial strains tested. Biofilm developed
on plastic was more dense, and thicker, than that found on
Dacron® (Figure 1), and adhesion of bacteria to Dacron® appeared
weaker, explaining why antibiotics are less efficient in the
polystyrene model. Our results demonstrated that classical tech-
niques used to measure MBICs and MBECs could overestimate the
decrease in antibiotic efficacy in the particular context of PVGIs,
and that our model, specific to PVGIs, could yield more relevant
findings. They do not question the recommendation to remove
all infected material whenever possible for PVGL.?*?* However,
our data suggest that antibiotics alone may be a reasonable
therapeutic option in selected cases when surgery would be asso-
ciated with a high probability of severe adverse outcomes.*® %’
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Animal models constitute a critical step in the evaluation of
antibiotics for PVGIs. A rat model of PVGI using a Dacron® patch
implanted in a dorsal subcutaneous pouch evaluated different
prophylactic procedures.’®?8~3% Other models mimicked pros-
thetic joint infections using a Teflon® cage implanted in a dorsal
subcutaneous pouch in guinea-pigs®! 3 or rats.’” To our knowl-
edge, no specific model has evaluated the curative treatment of
PVGI so far. We combined these two approaches to evaluate dif-
ferent antibiotic regimens in a PVGI mouse model. For technical
reasons, it was impossible to implant our Dacron® along the
vascular system, and this represents one weakness of our work.
Some authors have described rabbit,*® pig"* or dog'* models of
aortic graft infections, but these models do not allow the use of
a large number of animals, and consequently are not appropriate
for the screening of antibiotic strategies in different bacterial
strains. Moreover, in a clinical setting, most PVGIs arise from the
wound or from an adjacent infectious focus, and not through a
haematogenous route.?” Therefore, the infection process usually
starts along the external part of the vascular prosthesis, not the
endoluminal layer. Our model reproduces this pathway.

Although all antibiotics tested in this model demonstrated effi-
cacy when compared with controls, antibiotic efficacy varied
according to bacterial strains. For instance, daptomycin was
more bactericidal than vancomycin for MRSA BCB8 and MSSA
171, and more bactericidal than cloxacillin for MSSA 176, but
was not superior to other antibiotics for other strains. For MRSA
BCB8, dMBIC and dMBEC were lower for daptomycin than for
vancomycin and this could partially explain the differences
noticed. One other explanation could be the different capabilities
of antibiotics to penetrate the biofilm in vivo, although this would
not explain the striking differences observed between strains.*®
Daptomycin has already demonstrated better efficacy against
MRSA than vancomycin in vitro**“® and in animal models.*®**
This higher efficacy is thought to be linked to better biofilm pene-
tration for daptomycin than for vancomycin“? and better bacteri-
cidal activity against bacteria in stationary phase."® However,
some authors did not find any difference between daptomycin
and vancomycin efficacy.*>** Our results highlight a possible dif-
ferential activity of daptomycin according to bacterial strain,
which may explain the discrepancies between previous studies.

Rifampicin has demonstrated its efficacy for the treatment of
material-related staphylococcal infection® and its use in combin-
ation is widely recommended. In the present study, we did not
find any improvement of therapeutic efficacy when rifampicin
was added to daptomycin for MRSA, but rifampicin enhanced
the activity of vancomycin. The combination of daptomycin and
rifampicin increased the bactericidal activity of daptomycin
against MSSA 27217 only moderately, while the addition of rifam-
picin to vancomycin or cloxacillin strongly enhanced their bacteri-
cidal effect on this strain. These results are in contrast with those
of Sakoulas et al.,*® who demonstrated in a rat model of MRSA
endocarditis a synergistic effect of daptomycin plus rifampicin.
Saleh-Mghir et al.*” found similar results in a rabbit model of pros-
thetic joint infection. However, an in vitro pharmacodynamic
model evaluating daptomycin and rifampicin against different
MRSA strains found variable activity of this association (i.e.
increased bactericidal activity with combinations in some, but
not all, strains tested).“® Likewise, the addition of rifampicin to
daptomycin did not enhance the bactericidal activity of daptomy-
cin in a rabbit model of MRSA endocarditis.*® Some studies

suggested that daptomycin/fosfomycin or daptomycin/cloxacillin
may be more synergistic.'%>°

Our model could not capture the utility of combinations to pre-
vent the emergence of resistance. Indeed, even when bacterial
load was high after treatment, we did not document any bacterial
resistance. This was unexpected, since emergence of resistance
under treatment is one of the main caveats with rifampicin®* or
daptomycin monotherapies,"**’ An experimental study evaluat-
ing the in vivo fitness of rifampicin-resistant S. aureus mutants in a
mouse biofilm infection model found that rifampicin-resistant
strains appeared after 3-9 days of treatment.'® This delay may
explain why our 48 h treatment regimens were not associated
with emergence of resistance. Thus, although no resistance was
documented in our model, clinical data indicate that rifampicin
must be used in combination for PVGI, as for any other infection.

In conclusion, we found that biofilm formation and bacterial
adhesion are weaker on Dacron® than on polystyrene devices,
resulting in a less pronounced biofilm-related decrease in anti-
biotic efficacy in the particular setting of PVGIs. We implemented
an innovative mouse model of PVGI allowing the evaluation of a
large number of antibiotic regimens. In this model, we demon-
strated that daptomycin was more efficient than comparators
for some strains but not all, and that the addition of rifampicin
did not enhance daptomycin efficacy. However, due to the vari-
ability of findings according to bacterial strains, we were not
able to determine the best antibiotic regimen for PVGIs.
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BACKGROUND

Prosthetic vascular graft infections (PVGlIs) are
major complications of vascular surgery, but little
is known regarding their pathophysiology, and
their optimal antibiotic treatment. Their
management is currently mostly based on expert
advises, and poorly supported by evidence-based
medicine. As for most other foreign device
infections, the removal of all infected material is
of primary importance for cure, although complete
removal of infected device may not be always
technically feasible. In these not uncommon
situations, patients can sometimes be cured by an
appropriate bactericidal regimen?®. Unfortunately,
very limited data are available to select the optimal
antibacterial regimen for treatment of PVGils, as
drug susceptibility testing routinely performed for
bacteria involved in PVGIs, such as
Staphylococcus sp., provide only limited data on
the bactericidal activity of antibiotics on biofilm.

Biofilm development on vascular graft plays a
significant role in the difficulties encountered
when treating PVGIs and more information are
needed regarding the interactions between
antibiotics and bacteria embedded inside the
biofilm. We recently demonstrated that the limited
efficacy of antibiotics in biofilm was not
necessarily due to a weak penetration’> or
bioavailability of antibiotics within this biofilm,?
and that the barrier-effect could not be taken as the
only responsible for the striking loss of efficacy
documented with most antistaphylococccal

agents. S. aureus can invade and survive inside
mammalian cells, including the phagocytic cells®.

We can hypothesize that this could be responsible
for the lack of antibiotics efficiency and/or
delayed PVGls, but data are lacking regarding the
interactions between S. aureus and mammalian
tissues in the particular setting of PVGls, since
most available studies use in-vitro models.

Thus, we developed an ex-vivo mouse model of S.
aureus PVGils, allowing direct observation of the
biofilm developed onto a Dacron® vascular
material by confocal microscopy, to better
characterize the efficacy of antibiotics and to
analyze the influence of the host tissues and cells
during PVGls.

MATERIALS

Two different bacterial strains were used for all
the experiments: Methicillin-Susceptible S.
aureus (MSSA) ATCC 27217 and Methicillin-
Resistant S. aureus (MRSA) BCB8 isolated from
blood cultures. Both strains were susceptible to
vancomycin (MIC, 1 mg/L for both), daptomycin
(respective MIC 0.125 mg/L, and 0.25 mg/L), and
rifampicin (MIC <0.06 mg/L for both). The
following antistaphylococcal agents were bought
from local drug purchases companies and
prepared following label instructions for clinical
use in humans: vancomycin (Sandoz, Levallois-
Perret, France), daptomycin (Novartis Pharma
SAS, Rueil-Malmaison, France) and rifampicin
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(Sanofi-Aventis, Paris, France). All in-vivo
experiments were approved by the French
ministry of research review board. Four-week old
female Swiss mice (RjOrl/SWISS, Janvier
laboratory St Berthevin, France) were maintained
on a 12-hour light/dark cycle with free access to
food and water. At least 4 animals per group were
used for the experiments. Mice were anesthetized
with ketamine (70 mg/kg) and Xylazine (10
mg/kg) through intraperitoneal (IP) injection.
Sterile 1 cm? squares of commercially used
Dacron® were incubated with sterile serum of
healthy female Swiss mice during 24 h at 37°C.
Then, they were implanted into a subcutaneous
pocket (10-mm horizontal incision) created in the
centre of the mice back. Skin was closed with
sutures (Vicryl 5/0). Two days after Dacron®
implantation, a saline solution (0.2 mL) containing
10" CFU of S. aureus was transcutaneously
inoculated onto the graft surface with a tuberculin
syringe. During inoculation, mice were
anesthetized with isoflurane (0.8 L/min, 3%).
Antibiotics treatment started two days later. All
the antibiotics used were administered at
appropriate dose regimens resulting in serum
concentrations similar to those in humans. For
both  staphylococcal strains, mice were
randomized into different groups: no treatment
(controls); vancomycin group (subcutaneous
injection (SC), 110 mg/kg/12 h); daptomycin
group (50 mg/kg/24 h, SC); rifampicin group (30
mg/kg/12 h, IP); vancomycin-rifampicin group;
and daptomycin-rifampicin group. Mice were
treated for 48 h and then euthanized following
international guidelines. Immediately after the
procedure, Dacron® patches were removed under
aseptic conditions, homogenized in 0.5 mL of
saline buffer, vortexed during 30 seconds and
analysed with a confocal laser scanning
microscope (Leica TCS SP5 Microsystems,
France). Results of Dacron® bacterial culture
obtained during previous equivalent experiments
are displayed in supplemental materials. The first
step of imaging experiments consisted in
visualising the biofilm formed onto the Dacron®
patches according to the different antibiotics.

Bacteria were stained with 2.5 uM Syto9®
(Invitrogen), which is able to penetrate all
bacteria, and 5 pL of 1-mg/mL propidium iodide
(PI, Invitrogen), which can only penetrate
damaged-membrane cells. Syto9® and Pl were
excited at 488 and 543 nm, respectively, and their
fluorescence emissions were collected between
500 and 600 nm for Syto9® and between 640 and
750 nm for PI. Images were acquired using a X63
oil immersion objective with a numerical aperture
of 1.4. The size of the confocal images was 512 x
512 pixels, recorded with a z-step of 1 um and a
3x zoom. Fluorescence images were obtained
using ImageJ software. For each biofilm, at least
four different regions were analysed.

A second group of the same experiments were
therefore performed to identify the eukaryote cells
visualised, using three different stainings: Ly-
6G®Mouse neutrophil-specific marker (GR-1,
Pacific Blue™ conjugate RB6-8C5, excitation:
361 nm, emission: 400-450 nm), F4/80°
macrophage-specific antibody (Alexa Fluor® 647
conjugate BM8, excitation: 633 nm, emission;
650-750 nm) and Syto9® for bacteria. Then, the
same experiments were performed with BODIPY -
FL-daptomycin and BODIPY-FL-vancomycin
(excitation: 488 nm, emission: 500-550 nm).
Confocal laser scanning microscopy was
performed the same way as the previous
experiments.

RESULTS AND DISCUSSION

The visualization of antibiotics within biofilm-
associated bacteria may contribute to our
understanding of the differential effects of
antistaphylococcal agents on material-associated
S. aureus infections. Previous studies mostly used
in-vitro models. However, those in-vitro models
do not allow the observation of what happens in-
vivo. In addition, most in-vivo models rely on
bacterial counts within infected materials, but very
few experiments include imaging techniques to
visualize the effect of antibiotics on in-vivo
biofilm®. The ex vivo S. aureus PVGI mouse
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model presented herein may provide original data
in this field.

We found that the differential effect of
antistaphylococcal agents is strikingly different
from one S. aureus isolate to another. We used the
green staining Syto9® that only colours nucleic
acids®. A green reticular structure was found with
all experiments, which allows to visualize the
biofilm developed onto the Dacron®. Inside those
structures, bacteria were observed (figure 1 for the
control and the most relevant groups,
supplemental data for the other groups).

In both control groups (i.e., MSSA and MRSA),
the biofilm was dense and thick. For treatment
groups, results were markedly different according
to the molecules tested, and the isolate: for MRSA
BCB8, vancomycin had almost no significant
effect on biofilm as compared to control, while

rifampicin and daptomycin displayed a dramatic
effect on the biofilm, that could not even be
visualized except in a unique place for the
daptomycin group (Figure 1 and supplemental
data). For MSSA 27217, the effect of daptomycin
was much more limited. Vancomycin and
daptomycin yielded similar effect, only mildly
different from the control group, while rifampicin
was by far the most active on biofilm reduction.
Combinations of rifampicin to vancomycin
dramatically increased the effect on biofilm, but
this was not the case for the daptomycin-
rifampicin combination: Indeed, the biofilm
remain dense and thick with this combination
(figure 1 and supplemental data). Of note, these
results are in total agreement with bacterial counts
after 48-hour incubation on Dacron® cultures
(supplemental data).

MSSA 27217

Control

Daptomycin +Rifampicin

MRSA BCB8

Control

Daptomycin

Figure 1: Visualization of Dacron®-related S. aureus biofilms depending on treatment group by confocal laser
scanning microscope. Green staining: Syto9® (Live cells), Red staining: propidium iodide (Dead cells).White
arrow: reticular structures corresponding to the extra-cellular S. aureus biofilm; Red arrow: Bacterial cells
included within this structure; Blue arrow: eukaryote cell; Yellow arrow: intracellular S. aureus.
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A Vancomycin-treated - MSSA 27217

Control - MRSA BCB8

B MRSA BCB8
with fluorescent vancomycin

MRSA BCB8
with fluorescent daptomycin

Figure 2: Visualization of eukaryotic cells and antibiotic-staining. (A) Identification of eukaryotic cells. Green
staining: Syto9®; Blue staining: Ly6G® (neutrophil polynuclear specific staining); Red staining: F4/80
(macrophages specific staining). Yellow arrow: intracellular S. aureus. (B) Antibiotic staining. Green staining:
BODIPY-FL-vancomycin or daptomycin; Blue staining: Ly6G® (neutrophil polynuclear specific staining); Red

staining: F4/80 (macrophages specific staining).

Our results confirm the dramatic efficacy of
rifampicin against biofilm-associated S. aureus’ 8.
Our findings were however more unexpected for
daptomycin, often referred to as one of the most
active antistaphylococcal agent on biofilm, with
much better penetration than vancomycin,® and
significant activity against bacteria in stationary
phase®. Although daptomycin was highly active
on MRSA BCB8-related biofilm onto Dacron®,
this was definitely not the case for MSSA 27217,
which confirms previous findings from us?, and

from others, who found no difference between
vancomycin and daptomycin in-vitro** or in-
vivo®,

We analyzed the Dacron® immediately after mice
were euthanized. Thus, the biofilm we observed
was a reliable image of the biofilm in-vivo, while
the mice were alive. These procedures allow direct
observation of interactions between the bacteria,
the biomaterial and the host. Besides, eukaryote
cells were observed for all the conditions tested,
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either alive (colored in green), or dead (in red), and
presented with characteristic features of
polynuclear cells and macrophages. This was
confirmed by specific staining, for polynuclear
cells (Ly-6G® positive), and macrophages (F4/80°
positive) (figure 2). This demonstrates that,
despite a protective effect from the immune
system conferred by biofilm to bacteria, major
players of cellular immunity interact in-situ with
bacteria, onto the biomaterial. Interestingly, we
could observe bacteria inside macrophages, but
never inside polynuclear cells (figure 2). S. aureus
is able to invade and survive within mammalians
host cells, resulting in persistent and relapsing
infections, especially in the particular setting of
material-associated infections*. This has been well
described for bone and joint infections, with the
capability of S. aureus to survive within
osteoblast®®. To our knowledge, we describe here
for the first time the same capacity to survive
inside host cells (i.e., macrophages), in an ex-vivo
model of S. aureus PVGls. Intramacrophagic S.
aureus are able to escape the phagolysosome, to
replicate freely in the cytoplasm. S. aureus can
trigger cell death mechanisms from its host cell,
multiply actively and disseminate, but it can also
activate anti-apoptotic programs to persist hidden
in intracellular position and induce chronic or
relapsing infections. Besides, the figure 2 shows
that some host cells of S. aureus are alive,
coloured in green, while others are dead or nearly
dead (coloured in red or orange). In addition,
intramacrophagic position could represent a
shelter for S. aureus against antibiotics: the less
able to penetrate host eukaryotic cells they are, the
less efficient they will be. And as shown in figure
2, vancomycin and daptomycin do not seem to
penetrate macrophages within which S. aureus are
found, while they are wvisualized inside
polynuclear cells.

Thus, we hypothesize that S. aureus can persist
inside macrophage during PVGls. This could be
an explanation to the relative inefficacy of
antibiotics  without surgery during these
infections, and to the high risk of relapse when the
infected material is not removed. This could also

explain why antibiotic efficacy could be different
according to the strain involved (i.e., daptomycin
efficacy on BCB8 strain vs 27217), since the
capability of S. aureus to invade mammalian cells
could vary from one strain to another4. Finally,
this highlights the particular importance of
rifampicin for this kind of infections, due to its
well-known great intracellular activity.

In conclusion, this ex-vivo mouse model of S.
aureus PVGlIs allows the direct observation of the
impact of major antistaphylococcal agents on
Dacron®-related biofilm. It allowed us to better
understand the differential effect of antibiotics in
PVGIs. We found that S. aureus is able to invade
and persist into macrophages onto the biomaterial
during PVGls, which may explain why bacteria
may persist, and relapse, even after prolonged and
appropriate antibacterial therapy. More studies are
needed, but we can postulate that the use of
antibiotics active against biofilm-embedded and
intracellular bacteria such as rifampicin could be a
very good option in PVGls.
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Supplemental material

Table S1: Bactericidal activity of antistaphylococcal agents on Dacron®

Bacterial load decrease as compared to the control group: mean (Cl 95%)

Antibiotic regimen MSSA 27217 MRSA BCBS8
Vancomycin - 1.24 (0.30; 2.20)** - 2.38 (1.00; 3.73)**
Daptomycin - 1.52 (0.68; 2.36)*** - 5.85 (4.34; 7.36)***

Rifampicin -2.99 (2.01; 3.97)*** - 4.45 (3.04; 5.85)***
Vancomycin-rifampicin - 5.00 (4.05; 5.94)*** -4.14 (2.67; 5.61)***
Daptomycin-rifampicin -2.82 (1,91; 3.74)*** -5.85 (4.34; 7.36)***

Each group is compared to the corresponding control group with a Bonferroni Test following a variance analysis
(Anova, GraphPad Prism software version 6.0; GraphPad Software, San Diego, CA, USA)

** P<0.01; *** P< 0.001
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Control

Vancomycin Rifampicin Daptomycin

Daptomycin + rifampicin

Figure S1: Visualization of Dacron®-related MRSA BCBS biofilm depending on treatment group by confocal
laser scanning microscope. Green staining: Syto9® (Live cells), Red staining: propidium iodide (Dead cells)
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Control

Rifampicin

Figure S2: Visualization of Dacron®-related MSSA 27217 biofilm depending on treatment group by confocal laser
scanning microscope: monotherapies. Green staining: Syto9® (Live cells), Red staining: propidium iodide (Dead
cells)
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Control

Vancomycin-rifampicin Daptomycin-rifampicin

Figure S3: Visualization of Dacron®-related MSSA 27217 biofilm depending on treatment group by confocal laser
scanning microscope: combined therapies. Green staining: Syto9® (Live cells), Red staining: propidium iodide
(Dead cells)
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aureus in vitro ?
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Les donnees obtenues avec notre modéle d’infections sur implant chez 1’animal ont révélé que
les antibiotiques (vancomycine, daptomycine), qu’ils soient seuls ou en association avec la
rifampicine et a des concentrations comparables a celles utilisées en clinique, ne permettaient
pas d’éradiquer complétement les infections a biofilms de S. aureus in vivo. Comme vu dans le
chapitre précédent, I’internalisation des bactéries au sein des cellules immunitaires joue un role
important mais sans doute pas le seul. Alors, quels autres facteurs liés a 1’organisation en
biofilms seraient susceptibles d’expliquer I’inefficacité des antibiotiques ? C’est la question a
laquelle nous avons tenté de répondre dans les chapitres qui suivent. Une des hypothéses émises
suggere que la matrice d’exopolymeres sécréetée par les bactéries jouerait un role de « barriere »
a la pénétration et a la libre diffusion des antibiotiques. Dans ce contexte, 1’équipe
Biophysique/Biophotonique de I’ISMO, qui s’intéresse depuis plusieurs années a 1’étude de la
diffusion-réaction des antibiotiques au sein des biofilms staphylococciques, a développé une
combinaison unique de méthodes d’imagerie de la dynamique de fluorescence. Parmi ces
méthodes (détaillées dans le chapitre 2 de la synthése bibliographique), ’imagerie time-lapse
permet d’évaluer la pénétration et la diffusion des antibiotiques fluorescents et la FRAP
(Fluorescence Recovery After Photobleaching) ainsi que I’imagerie de durées de vie de
fluorescence (FLIM, Fluorescence Lifetime Imaging) donnent acces a leur biodisponibilité. Il
a pu étre démontré que le manque d’activité de I’antibiotique vancomycine ne provenait ni d’un
défaut de sa diffusion, ni d’un manque de sa biodisponibilité au sein des biofilms. Néanmoins,
il est suggéré dans la littérature que la pénétration des antibiotiques dans la biomasse est
fortement dépendante du couple antibiotique/souche étudié et de la structure du biofilm.

Ainsi, dans la continuité des précédents travaux, ce travail de these porte sur (i)
I’optimisation d’un nouveau modeéle in vitro de biofilm de S. aureus se rapprochant du modele
sur implant in vivo et (ii) sur I’étude de la diffusion-réaction au sein de biofilms non seulement
de la vancomycine mais aussi de la daptomycine, seules et en association avec la rifampicine.
Les mémes souches de S. aureus que celles étudiées dans le précédent chapitre (MRSA et
MSSA, de collection et cliniques) ont été utilisées. 1l faut noter que le panel d’outils d’imagerie
de fluorescence précédemment décrit nécessite que les antibiotiques soient fluorescents. La
vancomycine fonctionnalisée au BODIPY-FL est disponible commercialement et nous avons
vérifié que son activité n’était pas modifiée par I’ajout du fluorophore. Concernant la molécule
de BODIPY-FL-daptomycine, elle n’est pas commercialisée et nous avons pu bénéficier d’un
contrat de transfert de matériel avec la societé Cubist Pharmaceuticals pour réaliser ce travail
de test. Nous avons, par ailleurs, initié une synthése de NBD-daptomycine décrite dans la partie
résultats complémentaires de ce chapitre.

Les résultats detaillés sont présentés sous forme de deux articles parus dans
Photochemical and Photobiological Science (2017, doi: 10.1039/C7PP00079K), intitulé « How
do fluorescence spectroscopy and multimodal fluorescence imaging help to dissect the
enhanced efficiency of vancomycin-rifampin combination against Staphylococcus aureus
infections?» et dans  Antimicrobial Agents and  Chemotherapy (2016,
doi:10.1128/AAC.00735-16), intitulé « New insight into daptomycin bioavailability and
localization in S. aureus biofilms by dynamic fluorescence imaging. »
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Nous avons tout d’abord validé notre modeéle de biofilms in vitro en nous assurant que
I’activité des antibiotiques était similaire a celle obtenue pour le modéle animal et en particulier
que I’éradication compléte d’un biofilm n’était jamais atteinte. La combinaison des différentes
méthodes d’imagerie dynamique de fluorescence (time-lapse, FRAP, FLIM) a démontré pour
tous les cas d’étude que le manque d’activité des antibiotiques au sein des biofilms n’était pas
lié & un défaut de leur pénétration, de leur diffusion ou de leur biodisponibilité. Un point
intéressant que la spectroscopie de fluorescence a permis d’identifier est la formation d’un
complexe entre la vancomycine et la rifampicine, complexe dont la pénétration au sein du
biofilm est facilitée par rapport a la vancomycine seule mais dont la présence requiert d’adapter
le ratio des concentrations des deux antibiotiques.

Pris dans leur ensemble, ces résultats suggérent que c’est plus probablement la
physiologie spécifique des bactéries incluses en biofilm que la matrice d’exopolymeéres qui doit
étre considérée pour expliquer la tolérance aux antibiotiques.
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4.1. Article 4 : “How do fluorescence spectroscopy and multimodal
fluorescence imaging help to dissect the enhanced efficiency of vancomycin-
rifampin combination against Staphylococcus aureus infections?”

Rym Boudjemaa, Romain Briandet, Marie-Pierre Fontaine-Aupart, Karine Steenkeste

Photochemical and Photobiological Science, 2017
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Staphylococcus aureus is one of the most frequent pathogens responsible for biofilm-associated infections. Among current
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clinical antibiotics, very few enable long-term successful treatment. Thus, it becomes necessary to better understand

antibiotics failures and successes in treating infections in order to master the use of proper antibiotic therapies. In this

context, we took benefit from a set of fluorescence spectroscopic and imaging methods, with the support of conventional

microbiological tools to better understand the vancomycin-rifampin combination (in)efficiency against S. aureus biofilms. It

was shown that both antibiotics interacted by forming a complex. This latter allowed a fastened penetration of the drugs

before dissociating from each other to interact with their respective biological targets. However, sufficiently high
concentrations of free vancomycin should be maintained, either by increasing vancomycin concentration or by applying

repetitive doses of the two drugs, in order to eradicate rifampin-resistant mutants.

Introduction

Staphylococcus aureus (S. aureus) is a pathogenic
microorganism that represents one of the major causes of
chronic and hospital-acquired infections, in part due to its well-
described intrinsic genetic resistance to antibiotics.! Apart from
specific genetic mechanisms, it is also recognized that 80% of
human infections are linked to biofilm formation, involving
physiological changes of bacterial cells.? Biofilms are dense
microbial communities, adhering to surfaces and further
secreting an extracellular matrix mainly composed of water,
polysaccharides, DNA and proteins.? These three-dimensional
structures confer to bacteria the ability to protect themselves
from the action of antibiotics and to survive under treatment
through tolerance mechanisms.*¢ This phenomenon implies to
employ a specific strategy about antibiotic therapy
administration.

Literature data on S. aureus biofilms, both in vitro and in clinical
practice, are equivocal about antibiotic therapies inefficacy
when administered alone.””?2 One proposed strategy to
overcome monotherapy-related limitations and to enhance its
use has been to combine antibiotics with the goal of broadening
the spectrum of antibacterial activities, enhancing tissue and
intracellular penetration, and preventing the emergence of
resistance.®3 Among the most commonly-used antibiotic
therapies in clinical practice against S. aureus biofilm-associated
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Université Paris-Saclay, F-91405 Orsay, France.
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infections are vancomycin and rifampin used either alone or in
combination, 1415

Rifampin is a lipophilic antibiotic that specifically inhibits
bacterial RNA polymerase, the enzyme responsible for DNA
transcription, by forming a stable drug-enzyme complex with a
binding constant of 10-? M at 37°C.16 This drug acts very rapidly,
exerting a high bactericidal activity during the first hours of
treatment. However, it is also known for involving a significant
emergence of rifampin-resistant S. aureus mutants.1®
Vancomycin is a hydrophilic molecule that inhibits the bacterial
cell wall synthesis by targeting the D-alanyl-D-alanine moieties
of the N-acetylmuramic acid (NAM) and N-acetylglucosamine
(NAG) that form the backbone strands of the bacterial cell
wall.}7 This latter being synthesized during cell division,
vancomycin is shown to be only efficient against actively-
dividing cells. Several studies revealed a synergistic effect
between vancomycin and rifampin, leading to an enhanced
therapeutic efficacy.18-2! By contrast, other studies also showed
that the addition of rifampin to vancomycin treatment might
have an antagonistic effect (a decreased efficacy compared to
monotherapies).1%22-26 This reduced effectiveness has often
been related to unrecognized drug-drug interactions,
emergence of resistance and adverse drugs effects. However,
these contradictory results have recently been suggested to be
correlated with the antibiotics concentrations used.?”

The purpose of this study is to provide a deeper insight into
these antibiotics (in)efficiency against S. aureus biofilms with
the further goal of proposing
administration. To address this issue, we took benefit from
fluorescence spectroscopic and imaging tools, complementarily
with conventional microbiological methods, used here to
control the biological activity of vancomycin, rifampin and their
association. The potential drug-drug interaction was

relevant antibiotics
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characterized by steady-state and dynamic fluorescence
spectroscopy. In addition, a confocal microscope developed for
multimodal fluorescence imaging techniques was used (i) to
visualize the antibiotic(s) penetration throughout biofilms by
time-lapse, and (ii) to provide accurate information about
antibiotics bioavailability through biofilms depth by image-
based fluorescence recovery after photobleaching (FRAP) and
time-resolved fluorescence spectroscopy.

Experimental

Bacterial strains, culture medium and antimicrobial agents
The S. aureus strain tested in the present study is the
methicillin-susceptible S. aureus [MSSA] collection strain named
ATCC 27217. The strain was kept at —=80°C in Tryptic Soy Broth
(TSB, bioMérieux, France) containing 20% (vol/vol) glycerol. The
frozen cells were subcultured twice in TSB (one 8-h culture,
followed by an overnight culture) to constitute the stock
cultures from which aliquots were kept at —20°C. Bacterial
growth was conducted at 37°C. Clinically-meaningful
concentrations of vancomycin (Sigma, France) and rifampin
(Sigma, France) were chosen to be close to the expected free
fraction of drug reached in the plasma of patients. Therefore,
the final concentrations used in this study were either 20 or 40
ug/ml for vancomycin and 10 or 20 pg/ml for rifampin, as
specified in the text. The stock solutions were prepared by
diluting vancomycin and rifampin in sterile water (2 mg/ml),
kept at —20°C, and further diluted in TSB. When combined, the
antibiotics were mixed together before addition to bacterial
suspensions or application above the biofilm surface.

For fluorescence imaging, the fluorescently-labeled version
of vancomycin, BODIPY-FL-vancomycin (Invitrogen, France),
was used. The lyophilizates were dissolved in sterile Milli-Q
water to obtain stock solutions of 69 mM. These stock solutions,
kept at —20°C before use, were then diluted to working
concentrations. It must be noted that the BODIPY-FL grafting of
vancomycin does not affect its activity.2®

Characterization of the molecular interactions between the
antibiotics by absorption and fluorescence spectroscopies

Absorption spectra of antibiotics alone and in combination were
measured with a Varian’s Cary®300 spectrophotometer (Agilent
Technologies, France). The corresponding fluorescence
emission spectra were recorded using a Fluorolog-3
fluorescence spectrophotometer mounted with a front-face
detection geometry to prevent from diffusion processes (Jobin
Yvon, Inc., France). The percentage of fluorescence quenching
was obtained by calculating the areas under the emission
bands. The measurements were made in quintuplicate on each
sample. These steady-state experiments were supported by
fluorescence lifetime measurements using the setup described
below.

In vitro antibiotics activities against planktonic bacteria

Antibiotics activities were controlled against the MSSA ATCC
27217 strain in the exponential phase of growth after a 3-hour
culture following the overnight culture. Bacterial suspensions
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were then centrifuged at 7000g during 10 minutes at ambient
temperature. After eliminating the supernatant, the bacterial
pellet was dispersed in sterile NaCl 150 mM and centrifuged
again in the same conditions. The bacterial pellet obtained was
dispersed in TSB. Optical density was measured at 600 nm and
adjusted to get a bacterial concentration ~10% CFU/ml (CFU,
Colony Forming Units). The bacterial solution was divided
equitably into cell culture flasks where antibiotics solutions
were added. Bacterial growth was also controlled with a sample
without antibiotics, corresponding to the control experiment.
Viable culturable bacteria were counted at regular interval
times: 0 h (when antibiotics were added), 3, 6 and 24 h after
antibiotics injection. For each time, 1.5 ml of bacterial culture
was collected and centrifuged 10 min at 7000g to eliminate the
excess of antibiotic. The bacterial pellet was dispersed in 1.5 ml
sterile NaCl 150 mM, centrifuged again and dispersed in the
same conditions. Successive decimal dilutions were then
realized. For each dilution, six drops (10 uL) were deposited on
Tryptic Soy Agar (TSA) plates (bioMérieux, France), and
incubated at 37°C during 24 h. CFUs were counted and averaged
for each dilution at each time. The limit detection of viable
culturable cells using this method was 100 CFU/ml.

In vitro biofilm preparation and antibiotics activities

For the preparation of S. aureus biofilms, 250-ul portions of an
overnight subculture adjusted to an optical density of 0.02 at
600 nm (corresponding to ~ 108 CFU/ml) were added to a 96-
well microplate (uClear; Greiner Bio-One, France). After a 1.5-h
adhesion period at 37°C, the wells were rinsed with a NacCl
solution (150 mM) to remove non-adherent cells, refilled with
sterile TSB and then incubated for 24 h at 37°C to allow biofilm
growth.

To assess antibiotic activities, the 24-h biofilms were rinsed with
a NaCl solution (150 mM) before adding the antibiotic solutions
diluted in TSB as described previously. Viable culturable
bacteria were then counted at regular intervals: 0 h (when
antibiotics are added), 6, 24, 48 and 72 h after antibiotic
injection. For each time point, bacterial cultures were
centrifuged 10 min at 7000g to eliminate the excess of
antibiotic. The bacterial pellet was suspended in a NaCl sterile
saline solution (150 mM), centrifuged again, and suspended in
the same conditions. Bacterial counting was then performed as
described for planktonic cells.

Confocal Laser Scanning Microscopy (CLSM)

All fluorescence imaging measurements were recorded using
the same confocal microscope Leica TCS SP5 (Leica
Microsystems, Germany; implemented at the Centre de
Photonique Biomédicale of Orsay) equipped with a 63 x high
numerical aperture (1.4) oil immersion objective, and coupled
with either continuous lasers for FRAP acquisitions and time-
lapse imaging or a femtosecond titanium-sapphire laser
(Chameleon-XR; Coherent, USA) running at a 80-MHz repetition
rate and delivering 150-fs pulses for biphotonic time-resolved
fluorescence spectroscopy. All these experiments were
performed with BODIPY-FL-vancomycin 40 pg/ml alone or
combined with rifampin 20 pg/ml, diluted in TSB.
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(i) Visualization of biofilms structures and antibiotic activities
against biofilms using LIVE/DEAD® staining. 24h-biofilms
grown as described previously were observed 0, 24 and 48h
after antibiotic addition. Prior to each observation, bacteria
were stained with a LIVE/DEAD® kit including Syto9® (Life
Technologies, France), a green cell-permeant nucleic acid dye,
and Propidium lodide (Pl) (Life Technologies, France), a red
nucleic acid dye that can only penetrate cells with damaged
membranes (generally corresponding to dead bacteria). Syto9®
and Pl were sequentially excited at 488 nm and 543 nm
respectively, and their fluorescence emissions were collected
between 500 and 560 nm for Syto9® and between 640 and 750
nm for Pl. Image stacks were recorded with a z-step of 1 um;
the size of confocal images was 512 by 512 pixels, with a 3x
numerical zoom (82 x 82 um?). For each biofilm, four typical
regions were analyzed. Images were reconstructed in three
dimensions (3D) using the freely available ICY imaging software.
The subsequent calculated percentage of dead cells
corresponds to the ratio between biovolumes of Pl-stained and
Syto9®-stained bacteria.

The advantage of CLSM imaging is that it allows preserving
the native biofilm structures and thus avoiding the possible
artefacts of the enumeration method: partial stalling of the
biofilm, presence of cell aggregates, cell stress, etc. However,
one limitation is the detection sensitivity: the quantifiable
proportion of dead cells measured allows to visualize variations
of bacterial populations of more than 2 log, whereas the plate
enumeration method can cover more than 6 log.

(ii) Antibiotic penetration inside biofilms. To study the
penetration of BODIPY-FL-vancomycin alone and combined
with rifampin within 24-h biofilms, we employed time-lapse
microscopy, as described before.2829 Briefly, the fluorescence
intensity evolution over time was observed in a defined focal
plane (5 um above the substratum surface). As soon as BODIPY-
FL-vancomycin alone or combined with rifampin diluted in TSB
were added to the biofilm, fluorescence intensity images were
acquired every second for 15 min. Simultaneously, transmission
images were acquired to ensure that no structural alteration of
the biofilm occurred during this process. BODIPY-FL-
vancomycin was excited with a continuous argon laser line at
488 nm, and the emitted fluorescence was recorded within 500
and 600 nm. The corresponding diffusive penetration
coefficients (D,) through the biofilms were determined
according to the relationship previously described by Stewart:3°
D, =1.03 * L?/tgg
where L is the biofilm thickness, and tq is the time required to
attain 90% of the equilibrium staining intensity at the deepest
layers of the biofilm.
(iii) Antibiotic diffusion and bioavailability inside biofilms using
FRAP and time-resolved fluorescence spectroscopy experiments.

FRAP. This method is based on a brief excitation of
fluorescent molecules by a very intense light source in a user-
defined region to irreversibly photobleach their fluorescence.
Fluorescence recovery is then probed over time at a low light
power in the same photobleached region.282931 For all FRAP
experiments, the fluorescence intensity image size was fixed to
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512 by 128 pixels with an 80-nm pixel size and recorded using a
12-bit resolution. The line scan rate was fixed at 1400 Hz,
corresponding to a total time between frames of 265 ms. As
determined previously,?? the full widths at half maximum in xy
and z (along the optical axis) of the bleached profile were 0.8
um and 14 um, respectively, allowing us to neglect diffusion
along the axial/vertical axis and thus to consider only two-
dimensional diffusion. Each FRAP experiment started with the
acquisition of 50 images at 7% of laser maximum intensity
(which was measured to be 7 uW at the object level) followed
by a 200-ms single bleached spot at 100% laser intensity. A
series of 450 single-section images was then collected with the
laser power attenuated to its initial value (7% of the bleach
intensity). The first image was recorded 365 ms after the
beginning of bleaching. The time course of fluorescence
intensity recovery was then analysed with mathematical
models, giving the quantitative mobility of the fluorescent
molecules and allowing to determine the diffusion
coefficients.??

It must be noted that in these experiments, the fluorescence
recovery curves were recorded in a defined photobleached
region, chosen to be centered on a single bacterium, with
limited contribution of the surrounding biofilm matrix.
Time-resolved fluorescence spectroscopy. BODIPY-FL-vancomycin
was biphotonically excited at 930 nm. The laser beam was
scanned on the sample surface at 400 Hz, with a mean
acquisition time of 13 ms per pixel. The fluorescence signal was
collected by using a PicoHarp 300 device based on time-
correlated single-photon counting method. An 800-nm short-
pass emission filter was used to remove any residual laser light,
and the emitted fluorescence was recorded within a range of
400 to 800 nm. The observed time-resolved decays were
deconvoluted with the instrumental response function
obtained on a picric acid solution, with a 100-ps time resolution.
It was possible here to fit all the fluorescence decays, either
with a single or multi-exponential function giving the
fluorescence lifetimes of the sample. The fitting equation used
was the following: Iy =3, f; *e~t/™, with I, the total
fluorescence intensity, f; the fluorescence intensity of the i
species and T; its corresponding fluorescence lifetime. The
mean fluorescence lifetime 7, was calculated as follows:

7 = ifirTi
2ifi

It is then possible to extract the amplitude-averaged
population a; of the i species by using the following equation:

)
=
/e,

Results

Time-kill studies coupled with the spatiotemporal visualization of
antibiotics effect against S. aureus cells

To assess antibiotics activities against S. aureus exponentially-
growing bacteria (high rate of bacterial multiplication), we
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Fig. 1 Time-kill curves of vancomycin and rifampin alone and in combination against S. aureus (a) exponentially-growing cells and (b) biofilms. In parentheses, the antibiotics

concentrations in pg/ml. The values are means # standard deviations (error bars).

performed classical microbiological counts on agar plates.
During the exponential growth phase (Fig. 1a), the three
antibiotic treatments (vancomycin, rifampin and the
combination of both) allowed to reach bactericidal activities
within 6 h (defined as a = 3-log reduction in bacterial counts
compared to the initial bacterial concentration). However,
while the bacterial concentrations continued decreasing until
24 h when the cells were treated with vancomycin and its
combination to rifampin, regrowth was observed from 6 h to
24 h until reaching the same bacterial concentrations as the
initial ones when treated with rifampin.

When S. aureus bacteria were grown to biofilms,
fluorescence confocal laser scanning microscopy was first used
to visualize in real time the antibiotics effects on the three-
dimensional biostructures and bacteria killing over time (Fig. 2).
Fluorescence images showed that the untreated biofilms
(control) yielded compact three-dimensional structures, and
their thicknesses were not significantly variable over time
(27 + 3 um). When treated with vancomycin and rifampin alone,
biofilms exhibited lower thicknesses (23 + 2 um and 19 + 2 um
respectively), but only 10% of cell damage was quantified over
time for both antibiotics. When rifampin was mixed with
vancomycin, significantly higher cell damages were measured
over time, achieving 70% at 48h, and correlated with a
significant decrease in biofilms thicknesses (13 + 4 um). Another
interesting observation resulting from the action of

Control

Vancomycin

vancomycin-rifampin treatment is that damaged cells were
observed over the whole biofilm depth, including the basal layer
of cells in contact with the substratum. This strongly suggests
an effective antibiotics diffusion through the whole biofilms
depth.

These fluorescence imaging data were completed with time-
kill curves obtained by agar counting measurements (Fig. 1b).
By contrast with exponentially-growing cells (Fig. 1a),
vancomycin inhibited the bacterial multiplication but was not
able to decrease the bacterial loads over time. Similarly,
rifampin decreased the bacterial counts by only 1.5 log within
the first six hours but regrowth was observed between 6h and
72 h. When vancomycin and rifampin were administered in
combination with doses of 20 pg/ml and 10 pg/ml respectively,
the drugs activity was similar to that of rifampin alone during
the first six hours before regrowth was observed from 24 to
72 h. By contrast, for concentrations of vancomycin and
rifampin of 40/20 pg/ml and 40/10 pug/ml respectively, and for
successive applications of combined antibiotics every 6 hours at
respective concentrations of 20/10 pg/ml, the bacterial
concentrations decreased gradually over time before reaching
a 3-log reduction of the bacterial counts after 48h of treatment.

The observation of bacterial regrowth under rifampin
exposure should be correlated with the emergence of
antibiotic-resistant mutants. To confirm this hypothesis, S.
aureus cells were grown on rifampin-enriched agar plates.

Rifampin Vancomycin+Rifampin

Fig. 2 24-hour S. aureus biofilms three-dimensional structures and distribution of both live and dead cells 48 h after the addition of vancomycin (40 pg/ml) and rifampin (20 pg/ml)

alone or in combination. Living cells (green) and dead cells (red) were labeled with Syto9® (2-5 uM) and Propidium lodide (PI) (30 uM) respectively. The scale bar represents 20 pm.

Syto9® and Pl were sequentially excited at 488 nm and 543 nm respectively, and their fluorescence emissions were collected be tween 500 and 560 nm for Syto9® and between 640

and 750 nm for PI.
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Fig. 3 Proportion of rifampin-resistant mutants over time when S. aureus cells were
treated with rifampin (black) or with its combination to vancomycin (grey).

When the cells were treated with rifampin (20 pg/ml), 100%
of bacteria were found to be resistant to rifampin (Fig. 3).
However, when vancomycin (40 pg/ml) was added, only
residual amounts of resistant mutants were counted,
confirming that vancomycin could prevent the emergence of
rifampin-resistant mutants (Fig. 3).

Spectroscopic characterization of the interaction between
vancomycin and rifampin.

Fig. 4a illustrates the absorption spectra of vancomycin
(without fluorescent labelling with BODIPY-FL), rifampin and
their combination. It can be observed that the absorption of
vancomycin was not influenced by the addition of rifampin. By
contrast, in the presence of rifampin, the fluorescence emission
intensity of vancomycin was quenched by ~ 80%, strongly
suggesting an interaction between the antibiotics and involving
more than one vancomycin molecule to one rifampin (the
concentration vancomycin was double to that of rifampin)
(Fig. 4b). This was also confirmed by fluorescence decay time
analysis (Table 1). As we could not excite vancomycin itself, we
measured the fluorescence lifetime of its labeled version,
BODIPY-FL vancomycin. The fluorescence lifetime of BODIPY-FL-
vancomycin remained unchanged in the presence of rifampin
(5.7 ns) but a ~ 80% decrease of the initial photon count rate
was measured in correlation with a very efficient non-radiative
relaxation process.

Antibiotics penetration through the biofilms three-dimensional
structures

Time-lapse imaging experiments were performed to compare
the penetration of BODIPY-FL-vancomycin alone and mixed
with rifampin. We found that the penetration rate of the
antibiotics combination was 4 times enhanced compared to the
one of BODIPY-FL-vancomycin alone (2.9 + 0.2 pm?/svs 0.7 £ 0.1
um?/s) (Figure 5a). As shown in Fig. 5b, once the antibiotic
penetrated throughout the deepest layers of S. aureus biofilms,
the drug was localized at the bacterial cell surface whether used
alone or mixed with rifampin.

Antibiotics bioavailability

Image-based FRAP focusing on one bacterium and its very close
surrounding environment was performed to assess vancomycin
bioavailability inside biofilms. As shown in Fig. 6, fluorescence
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recovery curves demonstrate that 40% + 10% of BODIPY-FL-
vancomycin molecules diffuse freely in the photobleached
region around the single bacterium (with a diffusion coefficient
of 0.89 + 0.17 um?/s) while 60% + 10% of them are immobile
and thus interact with the cell. When rifampin was mixed with
BODIPY-FL-vancomycin, according to the precision of the
experiments, similar diffusion coefficients and proportions of
freely-diffusing and immobile molecules were found. As a
control, we performed the same experiments with free BODIPY-
FL (data not shown), and in this case, the fluorescence recovery
was total after photobleaching, meaning that the fluorescent
molecules were totally redistributed in the photobleached
region surrounding the bacteria, freely diffusing and not
interacting with the cell, in good agreement with our previous
studies.?8:29

Time-resolved fluorescence spectroscopy experiments were
performed on both exponentially-growing bacteria and biofilms
treated or not with vancomycin alone or with vancomycin-
rifampin combination. The data are summarized in Table 1.
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Fig. 4 Vancomycin and rifampin interact with each other, leading to the formation of a
non-fluorescent complex. (a) Experimental absorption spectra of vancomycin (without
fluorescent labelling with BODIPY-FL) 40 pg/ml (black straight line), rifampin 20 pg/ml
(black dash-dotted line) and vancomycin 40 pg/ml-rifampin 20 pug/ml mixed together
(grey straight line). The sum absorption spectrum of vancomycin 40 pg/ml and rifampin
20 pg/ml alone is represented in a grey dotted line. (b) Fluorescence emission spectra of
vancomycin 40 ug/ml alone (black straight line) and mixed with rifampin 20 pg/ml (grey
straight line). Vancomycin excitation wavelength: 270 nm (rifampin does not emit

fluorescence).
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Fig. 5 BODIPY-FL-vancomycin, when mixed beforehand with rifampin, reaches more
rapidly the biofilms deepest layers, and is further localized at the bacterial cell surface.
(a) Typical time course of the penetration of BODIPY-FL-vancomycin alone (black
triangles) and mixed beforehand with rifampin (white triangles) measured at the bottom
of S. aureus biofilms (layers in contact with the substratum). The relative intensity
corresponds to a normalization of the maximum intensity value to one. Time zero
corresponds to the moment at which the antibiotic(s) was(were) added above the
biofilm surface. The curves presented are representative of at least 5 biofilms probed.
(b) A fluorescence intensity image of BODIPY-FL-vancomycin mixed with rifampin in S.
aureus biofilms, obtained after 15 min incubation. The scale bar represents 5 pm.

Excitation wavelength: 488 nm. Fluorescence emission range: 500-600 nm.

The best deconvolution of the fluorescence decay signals results
in a ~ 0.5-ns component having the highest amplitude due to
bacteria autofluorescence, a long lifetime component of 5.7 ns
corresponding to free BODIPY-FL-vancomycin but also a shorter
one, which can only be attributed to BODIPY-FL-vancomycin
interacting with bacteria and/or biofilms components (t; = 1.2-
1.7 ns). Considering the ratio between free and bacteria-bound
BODIPY-FL-vancomycin (a;/a;, Table 1), similar results are
obtained whether the antibiotic is alone or combined with
rifampin: free BODIPY-FL-vancomycin represents 14-18% in the
presence of exponentially-growing cells and 7-8% inside
biofilms, a difference that can be related to the different
bacterial concentration (10 and 108 CFU/ml respectively).
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Fig. 6 Vi ycin and its iation with rifampin interact with bacteria (60 and
70% + 10% respectively) while the rest of the molecules (30 and 40% % 10%

respectively) freely diffuse in the cell vicinity. FRAP acquisitions for BODIPY-FL-
vancomycin alone (light grey) and mixed beforehand with rifampin (dark grey) inside S.
aureus biofilms and incubated 15 min. A typical fluorescence recovery curve
representative of six different photobleached zones shown here and its fit (calculated
using the model described in experimental section) is plotted in thick line. Excitation

wavelength: 488 nm. Fluorescence emission range: 500-600 nm.
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As reported above, a drastic decrease of the fluorescence
photon counts was measured in solution between BODIPY-FL-
vancomycin alone and associated with rifampin (Table 1), in
agreement with the formation of a non-fluorescent complex.
This was not observed in the presence of exponentially-growing
bacteria: the decrease in fluorescence photon counts was
strictly correlated to the one of the mean fluorescence lifetime
(25%). By contrast, within biofilms, a 70% decrease of the
fluorescence photon counts was observed between application
of BODIPY-FL-vancomycin alone and associated with rifampin
while the mean fluorescence lifetime only decreases from 1.7
ns to 1.2 ns (30%) revealing the persistence of non-fluorescent
vancomycin-rifampin complexes.

Discussion

At a time when antimicrobial resistance represents a worldwide
public health problem, it becomes necessary to better
understand antibiotics failures and successes in treating
infections in order to master the use of proper antibiotic
therapies. To address this issue, we took benefit of fluorescence
spectroscopic and imaging tools to provide a new insight into
the vancomycin-rifampin combination (in)efficacy in treating S.
aureus biofilm-associated infections.

We first controlled the activity of vancomycin and rifampin used
alone against biofilms by comparison with planktonic cells.
Several reports have pinpointed that despite the rapid
bactericidal activity of rifampin for the first hours, resistant
mutants emerge very quickly under the antibiotic exposure.16.33
Our data obtained using conventional microbiology tools
confirmed this observation where 100% of bacteria inside
biofilms acquired resistance to rifampin after 48 h of treatment.
However, this resistance occurred later than for exponentially-
growing cells (24 h).

Another interesting result concerning rifampin activity is its
reduced effectiveness against S. aureus biofilms compared to
exponentially-growing cells during the first hours of treatment
(before the appearance of rifampin-resistant mutants): only
1.5-log reduction in bacterial counts was measured within
biofilms while a 3.0-log one was recorded for exponentially-
growing bacteria. This can be explained by the well-established
antibiotics-related horizontal genes transfer that occurs at a
much higher frequency between cells in a biofilm than between
their planktonic counterparts,?* leading to rapid growth of
resistant cells and thus to a reduced activity of rifampin.
Concerning vancomycin alone, its bactericidal activity in
treating exponentially-growing S. aureus bacteria was not
recovered against biofilms. In this case, only a bacteriostatic
effect was recorded. Such result is in good agreement with
vancomycin mechanism of action to eradicate preferentially
actively-dividing cells than the slowly-growing bacteria in
biofilms.”8

Consistently with literature data,%!7-2! the addition of adapted
concentrations of vancomycin to rifampin (Fig. 1b) effectively
prevented from rifampin-resistant bacteria. However, the large
S. aureus bacterial eradication observed for exponentially-
growing cells was far from being achieved for biofilms.
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pFl:z::\sz::rcn:s %(ns) | w(ns) w2(ns) w(ns) ai(%) a(%) a3(%)  ai/ax (%)

TSB
BODIPY-vancomycin 110 000 5.6 5.6 / / 100 A / /
BODIPY-vancomycin+ rifampin 21 000 5.7 5.7 / / 100 / / /
Exponential phase of growth
Bacteria alone 0.5 / / 0.5 / / 100 /
BODIPY-vancomycin 41000 1.8 5.7 15 0.5 2 11 87 18
BODIPY-vancomycin+ rifampin 31000 1.4 5.7 1.2 0.5 al 7 92 14
Biofilms
Bacteria alone 0.5 / / 0.5 / / 100
BODIPY-vancomycin 19 000 L7 5.7 1.7 0.5 2 25 73 8
BODIPY-vancomycin+ rifampin 5500 1.2 5.7 1.6 0.5 1 14 84

Table 1 Summary of the fluorescence lifetimes t, and the amplitude-averaged populations a, of BODIPY-FL-vancomycin, alone and mixed with rifampin within exponentially-growing
cells and inside biofilms. The data for free bacteria and free antibiotics are also reported as references. Fluorescence photon counts obtained during 10-min acquisition correspond
to the areas under fluorescence decays. 1 is the mean fluorescence lifetime. a,/a, represents the ratio between free BODIPY-FL-vancomycin population and the one interacting with

bacteria. All the fluorescence lifetimes and populations values are given with a 10% accuracy. Excitation wavelength: 930 nm. Fluorescence emission range: 400-800 nm

What is behind this differential efficacy of vancomycin-rifampin
association between biofilms and exponentially-growing
bacteria? We have first considered an eventual complex
formation between both drugs and its behaviour in contact with
bacteria.

Steady-state and dynamic fluorescence spectroscopies
experiments revealed a static quenching process of vancomycin
fluorescence in the presence of rifampin. The complexation
between the two antibiotics is only possible if they are in
proximity and well-oriented each other, generally
corresponding to the formation of a strong m-stacking non-
fluorescent complex. Furthermore, more than one vancomycin
molecule interacted with each rifampin molecule. In agreement
with an interaction between the two antibiotics, time-lapse
measurements revealed a faster penetration rate of the drugs
complex in biofilms by comparison with BODIPY-FL-vancomycin
alone. This can be due to less non-specific interaction of
vancomycin, in such a complex, with the biofilm matrix
components.28

Interestingly, time-lapse experiments also highlighted that
despite the occurrence of complex formation between the two
antibiotics, the fluorescence intensity evolution of BODIPY-FL-
vancomycin measured at the biofilm basis, in the absence and
in the presence of rifampin, was similar. This result can only be
explained considering a dissociation of the antibiotics complex
at the bacterial site, a hypothesis supported by fluorescence
lifetime results. Indeed, the large difference (80%) of the
fluorescence photon counts between BODIPY-FL-vancomycin
alone and added to rifampin in solution was not recovered
anymore in the presence of exponentially-growing bacteria.
This result can only be attributed to a dissociation of the drug
complex at the bacterial cell surface, a consequence of the
higher affinity of vancomycin for its biological target (the
peptidoglycan). Rifampin is then free to penetrate the cell and
reach its own target, ARN. This total dissociation of the
antibiotics complex occurring in the presence of exponentially-

This journal is © The Royal Society of Chemistry 2017

growing bacteria was not as efficient within biofilms. As a
matter of fact, biofilms cells secrete an extracellular polymeric
matrix that is believed to retain some of the vancomycin-
rifampin complexes, thus preventing them from reaching their
bacterial target. Is this the cause of the reduced synergistic
effect of the two drugs when added in biofilms by comparison
to exponentially-growing bacteria?

Although the antibiotics reached the deepest layers of the
biofilms (as revealed by time-lapse measurements, Fig. 5) and
dead cells were homogeneously localized through the whole
three-dimensional biostructure (Fig. 2), a possible lack of
antibiotics bioavailability at the bacterial cell site must be
considered. FRAP experiments, centered on a single bacterium,
revealed that a significant percentage of non-complexed
BODIPY-FL-vancomycin molecules (40% + 10%) was freely
diffusing in the cell vicinity, indicating an excess of antibiotic in
addition to the concentration fixed on the cell surface. We can
thus ascertain that the failure of the drugs association activity
in biofilms is not due to a lack of vancomycin bioavailability at
the concentration of 40 pg/ml. Nor is it caused by a too low
concentration of rifampin (20 pg/ml) since similar drug
association effect was observed with a twice lower rifampin
concentration. Altogether, these results suggest that the lack of
antibiotics efficiency against biofilms may rather be assigned to
a specific physiology adopted by biofilm-embedded cells,
allowing them to circumvent the drugs activity and which
should further be studied.

Another important feature of this study concerns the proper
concentrations and/or the administration mode of antibiotics.
When a single application of vancomycin at 20 pg/ml and
rifampin at 10 pg/ml was used, vancomycin concentration was
insufficient to kill rifampin-resistant mutants beyond 24 h of
drugs exposure. However, repetitive drug applications at
regular interval times, as performed in clinical practice, led to a
bactericidal activity maintained over time. Similar antibiotics
efficacy was obtained for a single application of vancomycin at
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40 pg/ml and rifampin 10 pg/ml. This strongly implies that
vancomycin needs to be available over time for effectively
eradicating rifampin-resistant mutants.

Conclusions

Taken together, the results of this work demonstrated that
complementing conventional microbiological methods with the
use of fluorescence spectroscopic and imaging tools allows to
provide deeper insights into antibiotics (in)action against S.
aureus biofilms. We showed that the combination of
vancomycin and rifampin can be bactericidal against such
biofilms, only if proper concentrations and administration mode
of the antibiotics were used. Spectroscopic tools showed that
both antibiotics interacted by forming a non-fluorescent
complex. Fluorescence imaging revealed that this complex
allowed a fastened penetration of the drugs before dissociating
from each other to interact with their respective biological
targets. To prevent effectively the newly-formed resistant
mutants and thus enhance the combined drugs activity,
sufficiently high concentrations of free vancomycin should be
maintained, either by increasing vancomycin concentration or
by applying repetitive doses of the two drugs.
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Fig. S1 Chemical structures of vancomycin, rifampin and BODIPY-FL-vancomycin
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New Insight into Daptomycin Bioavailability and Localization in
Staphylococcus aureus Biofilms by Dynamic Fluorescence Imaging

MICROBIOLOGY

Rym Boudjemaa,® Romain Briandet,® Matthieu Revest,®9 Cédric Jacqueline,’d Jocelyne Caillon,® Marie-Pierre Fontaine-Aupart,®
Karine Steenkeste?®

Institut des Sciences Moléculaires d'Orsay (ISMO), CNRS, Université Paris-Sud, Université Paris-Saclay, Orsay, France?; Micalis Institute, INRA, AgroParisTech, Université Paris-
Saclay, Jouy-en-Josas, France®; CHU Rennes, Rennes, France®; Université de Nantes, Faculté de Médecine, UPRES EA 3826, Nantes, France?

Staphylococcus aureus is one of the most frequent pathogens responsible for biofilm-associated infections (BAI), and the choice
of antibiotics to treat these infections remains a challenge for the medical community. In particular, daptomycin has been re-
ported to fail against implant-associated S. aureus infections in clinical practice, while its association with rifampin remains a
good candidate for BAI treatment. To improve our understanding of such resistance/tolerance toward daptomycin, we took ad-
vantage of the dynamic fluorescence imaging tools (time-lapse imaging and fluorescence recovery after photobleaching [FRAP])
to locally and accurately assess the antibiotic diffusion reaction in methicillin-susceptible and methicillin-resistant S. aureus
biofilms. To provide a realistic representation of daptomycin action, we optimized an in vitro model built on the basis of our
recently published in vivo mouse model of prosthetic vascular graft infections. We demonstrated that at therapeutic concentra-
tions, daptomycin was inefficient in eradicating biofilms, while the matrix was not a shield to antibiotic diffusion and to its inter-
action with its bacterial target. In the presence of rifampin, daptomycin was still present in the vicinity of the bacterial cells, al-
lowing prevention of the emergence of rifampin-resistant mutants. Conclusions derived from this study strongly suggest that S.

aureus biofilm resistance/tolerance toward daptomycin may be more likely to be related to a physiological change involving
structural modifications of the membrane, which is a strain-dependent process.

S taphylococcus aureus is a Gram-positive bacterial species
shown to be the most frequent cause of biofilm-associated in-
fections (BAI) (1) and one of the major causes of morbidity and
mortality in hospitals and communities (2). Unlike planktonic
cells, biofilms exhibit specific phenotypic traits allowing them to
resist host defenses and antibiotic treatments (3), which fre-
quently leads to chronic infections such as endocarditis, sinusitis,
and osteomyelitis and also to implant-associated infections (4).

Among the most recent clinically used antibiotics, daptomycin
isa cyclic lipopeptide approved for the treatment of serious staph-
ylococcal infections such as bacteremia and implant-related infec-
tions (5). Daptomycin is a calcium-dependent antibiotic that acts
by insertion into the Gram-positive cytoplasmic membranes
where it forms oligomeric pores, causing potassium ion leakage
and subsequent membrane depolarization, leading ultimately to
cell death (6). As is the case for many antibiotics, daptomycin has
been shown to exhibit a significant bactericidal activity against
planktonic cells (7-9). However, the eradication of adherent bac-
teria is rarely achieved despite the large number of in vitro and
animal studies in which daptomycin activity was evaluated (10—
16). Besides the results of the literature that appear controversial
(17), direct comparison between studies is not directly possible,
since the biofilm growth and treatment protocols used differ
greatly.

To obtain a realistic representation of daptomycin action
against S. aureus biofilms, we developed an in vitro model built on
the basis of our recently published in vivo study on S. aureus pros-
thetic vascular graft infections using the same strains (18). The
interest of this approach was the possibility to use fluorescence
imaging techniques that cannot be employed in vivo (confocal
laser scanning microscopy [CLSM], time-lapse microscopy, and
fluorescence recovery after photobleaching [FRAP]) to examine
the penetration, diffusion, bioavailability, and localization of the

August 2016 Volume 60 Number 8
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fluorescently labeled antibiotic inside the biofilms. To validate this
approach, we monitored for 72 h the activity of daptomycin
against biofilms formed by methicillin-susceptible and methicil-
lin-resistant clinical and collection strains. In addition, we en-
riched the culture medium with proteins and calcium to mimic
the in vivo physiological conditions of our mouse model (18). The
same experiments were performed in the presence of rifampin, an
antibiotic that can be combined with daptomycin for recalcitrant
S. aureus BAIL

MATERIALS AND METHODS

Bacterial strains. Four S. aureus strains were tested in the present study:
two were collection strains (methicillin-susceptible S. aureus [MSSA]
ATCC 27217 and methicillin-resistant S. aureus [MRSA] ATCC 33591),
and two others were isolated from patients with S. aureus bloodstream
infections (MSSA 176 and MRSA BCBS). All strains were kept at —80°C in
tryptic soy broth (TSB) (bioMérieux, France) containing 20% (vol/vol)
glycerol. The frozen cells were subcultured twice in TSB (one 8-h culture,
followed by an overnight culture) to constitute the stock cultures from
which aliquots were kept at —20°C. Bacterial growth and experiments
were both conducted at 37°C.
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Antimicrobial agents and medium. Daptomycin and rifampin were
both purchased from Sigma (France). The fluorescently labeled anti-
biotic BODIPY-FL-labeled daptomycin (BODIPY-FL-daptomycin)
(BODIPY-FL is fluorescently labeled boron-dipyrromethene) was a
kind gift from Cubist Pharmaceuticals (MA, USA), and BODIPY-FL was
purchased from Invitrogen (France). According to the manufacturer’s
instructions, the stock solutions were prepared by diluting daptomycin
and BODIPY-FL-daptomycin in dimethyl sulfoxide (1 mg/ml) and by
diluting rifampin in sterile water (2 mg/ml), which were then kept at
—20°C. Before the solutions were used, they were diluted in TSB enriched
with proteins (bovine serum albumin[BSA], 36 g/liter; Sigma, France)
and calcium (CaCl,-2H,0, 50 mg/liter; Sigma, France) to mimic in vivo
physiological levels. It has been determined that, under these conditions,
the final concentration of dimethyl sulfoxide was noncytotoxic for the
bacteria. Clinically meaningful concentrations were used in this study: 20
pg/ml for both daptomycin and rifampin. When combined, the antibiot-
ics were mixed together before application to the biofilm surface.

Susceptibility testing. The MICs of daptomycin and rifampin were
determined by the broth microdilution method in cation-adjusted Muel-
ler-Hinton broth (CAMHB), according to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST). Media were supple-
mented with 50 mg/liter Ca®" for daptomycin.

Characterization of molecular interactions between daptomycin
and rifampin by absorption and fluorescence spectroscopies. Absorp-
tion spectra of antibiotics alone and in combination were measured with
a Varian Cary 300 spectrophotometer (Agilent Technologies, France).
The corresponding fluorescence emission spectra were recorded using a
Fluorolog-3 (Jobin Yvon, Inc., France) fluorescence spectrophotometer
mounted with front-face detection geometry by exciting daptomycin at
360 nm., The measurements were made five times on each sample.

In vitro biofilm preparation and antibiotic activities. Biofilms were
studied in a polystyrene microtiter plate-based assay since it has been
shown that this material has physicochemical properties close to that of
biomaterial surfaces such as polyethylene terephthalate, which is used in
vascular grafts (19, 20). For the preparation of S. aureus biofilms, 250-pl
portions of an overnight subculture adjusted to an optical density at 600
nm of 0.02 (corresponding to ~10® CFU/ml) were added to 96-well mi-
croplates (pClear; Greiner Bio-One, France). After a 1.5-h adhesion pe-
riod at 37°C, the wells were rinsed with sterile physiological water (150
mM NaCl) in order to eliminate nonadherent cells, refilled with sterile
TSB enriched with proteins and calcium (TSBpc) and then incubated for
24 h at 37°C to allow biofilm growth.

To assess antibiotic activities, the 24-h biofilms were rinsed with a 150
mM NaCl aqueous solution before adding the antibiotic solutions diluted
in TSBpc as described previously. Viable culturable bacteria were then
counted at time points at regular intervals: 0 h (when antibiotics are
added), 24, 48, and 72 h after antibiotic injection. For each time point,
bacterial cultures were centrifuged 10 min at 7,000 X g in order to elimi-
nate excess antibiotic. The bacterial pellet was suspended in a 150 mM
NaCl sterile saline solution, centrifuged again, and suspended in the same
conditions. Successive decimal dilutions were then performed. For each
dilution, 6 drops (10 ul) were deposited on tryptic soy agar (TSA) plates
(bioMérieux, France) and incubated at 37°C during 24 h. CFU were
counted and averaged for each dilution at each time point. The detection
limit of viable culturable cells was 100 CFU/ml.

Percentages of rifampin-resistant mutants in biofilms. To deter-
mine the percentages of rifaimpin-resistant mutants, the antibiotic solu-
tions (rifampin alone or combined with daptomycin) were added to 24-h
biofilms. CFU were counted on TSA plates or TSA plates containing ri-
fampin (20 pg/ml) at 24 and 48 h after antibiotic injections. The percent-
ages were obtained by calculating the ratio between the number of CFU
grown on rifampin-containing TSA plates and the number of CFU grown
on rifampin-free TSA plates.

Statistical analysis. The mean log,, CFU/milliliter and biovolume for
each therapy were compared with each other by analysis of variance
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(ANOVA). They were performed using the Statgraphics software
(Manugistics, Rockville, MD, USA). Statistical significance was defined as
a P value of less than 0.05 by a Fisher test.

Confocal laser scanning microscopy. (i) Visualization of antibiotic
activities against biofilms using LIVE/DEAD staining. Biofilms grown
for 24 h prepared as described previously were observed 24, 48, and 72 h
after antibiotic addition using a Leica TCS SP5 confocal laser scanning
microscope (Leica Microsystems, France) at the Centre de Photonique
Biomédicale (CPBM) (Orsay, France). Prior to each observation, bacteria
were stained with 2.5 pM Syto9 (Life Technologies, France), a green cell-
permeant nucleic acid dye, and 30 pM propidium iodide (PT) (Life Tech-
nologies, France), a red nucleic acid dye that can penetrate cells with
compromised membranes (dead cells) only. Syto9 and PI were sequen-
tially excited at 488 nm and 543 nm, respectively, and their fluorescence
emissions were collected between 500 and 600 nm for Syto9 and between
640 and 750 nm for PI. Images were acquired using a 63< oil immersion
objective with a 1.4 numerical aperture. The size of the confocal images
was 512 by 512 pixels (82 by 82 um?), recorded with a z-step of 1 pm. For
each biofilm, four typical regions were analyzed. Images were recon-
structed in three dimensions (3D) using ICY software.

(ii) Quantification of biovolumes and maximum biofilm thickness.
Maximum biofilm thickness (in micrometers) was measured directly
from xyz stacks. Biovolumes (in cubic micrometers) were calculated by
binarizing images with a java script executed by ICY software as described
previously (21). The biovolume was then defined as the overall volume of
cells in the observation field. The percentage of dead cells corresponds to
the ratio between biovolumes of Pl-stained bacteria and Syto9-stained
bacteria.

(iii) Antibiotic penetration and localization inside biofilms. To
study the penetration of BODIPY-FL-daptomycin alone and combined
with rifampin within 24-h biofilms, we employed time-lapse microscopy,
as described before (22), using the same Leica TCS SP5 confocal micro-
scope. Briefly, the fluorescence intensity evolution over time was observed
in a defined focal plane (5 pm above the substratum surface). As soon as
the TSBpc-diluted solutions of BODIPY-FL-daptomycin alone or com-
bined with rifampin were added to the biofilm, fluorescence intensity
images were acquired every second for 15 min. Simultaneously, transmis-
sion images were acquired to ensure that no structural alteration of the
biofilm occurred during this process. The labeled antibiotic was excited
with a continuous argon laser line at 488 nm through a 63X oil im-
mersion objective, and the emitted fluorescence was recorded within
500 and 600 nm.

The corresponding diffusive penetration coefficients (Dp) through the
biofilms were determined according to the relationship previously de-
scribed by Stewart (23):

D, =1.03 X I’/ 14 §h)

where L is the biofilm thickness and t,, is the time required to attain 90%
of the equilibrium staining intensity at the deeper layers of the biofilm.

To observe the localization of the fluorescently labeled daptomycin
within biofilms, bacteria were counterstained with the FM4-64 dye (Life
Technologies, France): this dye was also excited at 488 nm, but its fluo-
rescence emission was collected within the range 640 to 750 nm. The
images (512 by 512 pixels) of both fluorophores were simultaneously
recorded with a z-step of 1 pm.

(iv) Antibiotic diffusion and bioavailability inside biofilms using
FRAP experiments. Image-based fluorescence recovery after photo-
bleaching (FRAP) measurements was used to assess local diffusion and
bioavailability of the fluorescently labeled daptomycin. Briefly, FRAP is
based on a brief excitation of fluorescent molecules by a very intense light
source in a user-defined region to irreversibly photobleach their fluores-
cence. Fluorescence recovery is then probed over time at a low light power
in the same photobleached region (22, 24). All time-resolved measure-
ments were obtained using the same confocal microscope. The time
course of fluorescence intensity recovery was analyzed with mathematical
models, giving us the quantitative mobility of the fluorescent molecules
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TABLE 1 MICs of daptomycin and rifampin against the four S. aureus
strains”

MIC (mg/liter) of:

S. aureus strain Daptomycin Rifampin
MSSA ATCC 27217 0.25 <0.06
MSSA 176 0.5 0.015
MRSA ATCC 33591 0.25 0.0075
MRSA BCB8 0.125 <0.06

“ The standard deviations of the values are +5%.

and allowing us to determine the diffusion coefficients. For all FRAP ex-
periments, the fluorescence intensity image size was fixed to 512 by 128
pixels with an 80-nm pixel size and recorded using a 12-bit resolution. The
line scan rate was fixed at 1,400 Hz, corresponding to a total time between
frames of ~265 ms. As determined previously, the full widths at half
maximum in xy and z (along the optical axis) of the bleached profile were
0.8 wm and 14 pm, respectively, allowing us to neglect diffusion along the
axial/vertical axis and thus to consider only two-dimensional diffusion.
Each FRAP experiment started with the acquisition of 50 images at 7% of
laser maximum intensity (7 pW) followed by a 200-ms single bleached
spot at 100% laser intensity. A series of 450 single-section images was then
collected with the laser power attenuated to its initial value (7% of the
bleach intensity). The first image was recorded 365 ms after the beginning
of bleaching.

RESULTS

Susceptibility testing. The MICs obtained for daptomycin and
rifampin against the four S. aureus strains are presented in Table 1.
All isolates in planktonic conditions were susceptible to daptomy-
cin and rifampin. The breakpoint values of drugs according to the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST) in 2016 are as follows: 2 mg/liter for vancomycin; 1
mg/liter for daptomycin; for rifampin, sensitivity of =0.06 mg/
liter and resistance of >0.5 mg/liter.

Spectroscopic characterization of the interaction between ri-
fampin and daptomycin. Neither the photonic absorption prop-
erties nor the fluorescence emission spectrum of daptomycin were
significantly influenced by the addition of rifampin (Fig. 1), re-
vealing the absence of cross-reaction between the two antibiotics.

BODIPY-FL-daptomycin penetration, diffusion, bioavail-
ability, and localization inside S. aureus biofilms. (i) Time-lapse
imaging. Time-lapse experiments were performed to visualize in
situ penetration of fluorescently labeled daptomycin alone and
combined with rifampin throughout the deepest layers of S. au-
reus biofilms. By setting the focal plane 5 wm above the substra-
tum surface, we demonstrated that BODIPY-FL-daptomycin pen-
etrated the biofilms (~30-pwm thickness) within a few minutes:
fluorescence intensity was measured a few seconds after antibiotic
addition and increased rapidly to reach 90% of the maximal in-
tensity in 9 min (see Fig. S1 and Movie S4 in the supplemental
material). The penetration coefficients obtained from equation 1
ranged from 2.5 um®/s = 0.7 wm?/s for S. aureus ATCC 27217,
176, and ATCC 33591 to 4.9 pm?/s = 0.7 pum?/s for S. aureus
BCB8. These values are both of the same order by comparison
with BODIPY-FL alone for which the penetration coefficient was
higher at 140 wm?/s (22). The coefficients were not statistically
different in comparison with those of daptomycin in the presence
of rifampin.

(ii) FRAP imaging. FRAP was used to measure the local diffu-
sion of BODIPY-FL-daptomycin and its interaction with bacteria
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within biofilms. According to the FRAP principle (22, 24, 25), if
the fluorescently labeled daptomycin molecules are allowed to
move freely in the sample, total fluorescence recovery is observed,
meaning that the fluorescence is redistributed in the defined re-
gion. Conversely, if the fluorescence recovery is not total after the
photobleaching, it means that a fraction of molecules is not dif-
fusing freely and thus interacts with its local environment. The
other fraction diffuses and is thus bioavailable.

First, we checked that no bacterial movement occurred during
image acquisition by representing kymograms, two-dimensional
graphs of fluorescence intensity measured along a line (here a
straight line drawn on the full width of the images) for each image
of the FRAP series (Fig. 2a). A typical FRAP curve of BODIPY-FL-
daptomycin in S. aureus biofilms is presented in Fig. 2b. Whatever
the bacterial strains or the treatments used (daptomycin alone or
in combination with rifampin), we demonstrated here that the
fluorescence recovery was not total after photobleaching: only
20% of BODIPY-FL-daptomycin molecules interacted with the
environment, meaning that a large excess of molecules (80%)
were diffusing freely in the defined regions and thus bioavailable
(mean local diffusion coefficient, 7.1 = 0.6 wm?/s).

(iii) Localization of the fluorescently labeled daptomycin
alone or combined with rifampin depending on the surround-
ing environment. As daptomycin is known to be highly bound to
serum proteins (90 to 93%) (26), we addressed the question of
whether there could be a different localization of the fluorescently
labeled daptomycin in a protein-enriched medium. As shown in
Fig. 3, fluorescence intensity images were significantly different
depending on the surrounding medium: regardless of the strain
tested, the antibiotic appeared to be colocalized with the FM4-64
dye at the bacterial site when the surrounding medium was an
aqueous NaCl solution supplemented with calcium, while the an-
tibiotic localization appeared to be mainly extracellular when the
medium was enriched with proteins (TSBpc). The addition of
rifampin did not affect daptomycin localization in the biofilm.

Combining 3D fluorescence imaging and time-kill studies to
assess S. aureus biofilm inactivation in the presence of dapto-
mycin alone and in association with rifampin. We used confocal
microscopy to describe the three-dimensional structures of bio-
films and the temporal distribution of both live and dead cells
throughout the biofilm thickness.

Fluorescence intensity images showed that the biofilms formed
by the four strains yielded similar compact structures (controls in
Fig. 4a and controls in Fig. S2 in the supplemental material). Their
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FIG 1 Absorption and fluorescence spectra of daptomycin (20 pg/ml)
alone and combined with rifampin (20 pg/ml). The excitation wavelength
was 360 nm.
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FIG 2 FRAP acquisitions for BODIPY-FL-daptomycin inside S. aureus biofilms. (a) Kymogram representation (x,t) of FRAP acquisitions. The line along which
the kymogram was done is 38 um. (b) Typical fluorescence recovery curves representative of six different zones for each condition: BODIPY-FL-daptomycin
inside biofilms (black) and inside TSBpc without biofilm (gray). The kymogram and fluorescence recovery curve presented here are the ones obtained for MSSA
ATCC 27217 biofilms, since they were representative of the data obtained for the other strains in the presence or absence of rifampin.

thicknesses were not significantly variable from one strain to an-
other (25 to 29 pm; P > 0.05) or from one time point to another
time point (24 h and 72 h). This is a reasonable result given that
the culture medium (TSBpc) was renewed before the first obser-
vation but not over time: thus, biofilm development mainly oc-
curred during the first 24 h.

When treated with daptomycin, biofilms exhibited more
areas free of cells compared to the controls (Fig. 4a; see Fig. S2
in the supplemental material). This can be related to significant
decreases in biofilm thicknesses (19 to 21 pm in the presence of
daptomycin; P < 0.05) compared to the control biofilms.
Moreover, in the presence of daptomycin, no statistically sig-
nificant change in the proportion of cell death over time was
quantified (10 to 30%; P > 0.05) (Fig. 4b). However, the MRSA
clinical isolate (BCB8) was more susceptible to daptomycin:
~60% of cell death was quantified at 24 h, a value that de-
creased beyond 24 h (40% at 72 h; P < 0.05) due to cell re-
growth (see below).

Compared to the monotherapy treatment, the structures and
thicknesses of biofilms were not affected when they were treated
with daptomycin in combination with rifampin. However, under
these conditions, a significantly higher proportion of cell death
was observed, achieving 85% at 72 h (P < 0.01) (Fig. 4b). For the
two MSSA strains (ATCC 27217 and strain 176) and the MRSA
collection strain (ATCC 33591), the antibiotic association activity
(daptomycin plus rifampin) gradually increased over time (Fig.
4), while the maximum activity against the MRSA clinical strain
(BCB8) was reached within 24 h.

Another observation of interest (Fig. 4a) is that upon dapto-
mycin exposure, dead cells were observed over the whole biofilm
depth, including the basal layer of cells in contact with the sub-
stratum, providing further evidence of the antibiotic penetration
throughout the deepest layers of the biofilms. This result is even
more pronounced for the BCB8 strain because of the greater pro-
portion of dead cells involved by the action of daptomycin. This
process was also observed when daptomycin was used in associa-
tion with rifampin.

These data from fluorescence imaging were supported by CFU
counts of suspended biofilms (Fig. 5). The results confirm that
daptomycin alone was ineffective against biofilms formed by the
two MSSA strains (ATCC 27217 and strain 176) and the MRSA
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collection strain (ATCC 33591). For the MRSA clinical isolate
(BCB8), reduction in bacterial counts of only ~1 to 2 log units was
measured at 24 h before regrowth was observed to reach the same
values as for the MSSA biofilms.

In accordance with fluorescence imaging data, the activity of
the combination of antibiotics was much greater than that of
monotherapy. The sensitivity of the microbiological method al-
lowed us to determine that the cell population decreased by ~4
log units after 72 h of treatment (P < 0.05). The emergence of
rifampin-resistant mutants was verified. As presented in Fig. 6,
daptomycin dramatically prevented the emergence of rifampin-
resistant mutants when the combination of daptomycin and ri-
fampin was used.

DISCUSSION

The choice of antibiotics to treat S. aureus BAI remains a challenge
for the medical community. In this context, the ambivalence of
the published results on daptomycin activity is a relevant example.
Despite increasing data about daptomycin as an option to treat
implant-associated S. aureus infections, as many failures (18, 27)
as successes (7-9, 12) have been reported both in clinical practice
and in laboratory models. This highlights that S. aureus BAI resis-
tance/tolerance mechanisms to antimicrobials deserve more at-
tention.

The biofilm-associated exopolymeric matrix may be consid-
ered to act as a shield to the antimicrobial diffusion reaction (28—
32) by delaying its penetration and/or reducing its bioavailability.
To verify this hypothesis noninvasively, we took advantage of dy-
namic fluorescence imaging methods: confocal microscopy, time-
lapse imaging, and FRAP. For our biofilm model and whatever the
bacterial strain, no failure of daptomycin penetrability or bioavail-
ability was observed. The opposite finding described by Siala et al.
(31) may be related to the conditions of fluorescence acquisition
that were not well adapted to BODIPY-FL fluorescence. In this
study, time-lapse fluorescence imaging experiments demon-
strated that daptomycin rapidly reached the biofilm’s deepest lay-
ers, while section views of fluorescence intensity images presented
in Fig. 3 ascertain the presence of the fluorescently labeled antibi-
otic through the whole biofilm structure. Furthermore, FRAP re-
sults ascertained that only ~20% of the antibiotic molecules were
immobilized. Thus, the majority of the antibiotic molecules were
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FIG 3 Fluorescence imaging of BODIPY-FL-daptomycin (green channel) and FM4-64 (red channel) in S. aureus biofilms. Merged images are also shown. In the
top panels (Without proteins), the surrounding medium is an aqueous NaCl (150 mM) solution supplemented with calcium ions (50 mg/liter). In the bottom
panels (With proteins), the surrounding medium is TSB enriched with proteins (36 g/liter) and calcium ions (50 mg/liter). Only images of MSSA ATCC 27217
biofilms are represented, since they were representative of all biofilms visualized for other strains in the presence or absence of rifampin.

in free movement and could be bioavailable through the biomass
(~80% of nonimmobilized molecules).

We further addressed the question of whether or not daptomy-
cin reached its bacterial target. Fluorescence intensity images pro-
vided interesting information, showing that the majority of fluo-
rescently labeled antibiotic was distributed in the extracellular
matrix rather than in the bacterial cell membranes (Fig. 3). This is
in agreement with the well-known property of daptomycin to
have a very high degree of protein binding, especially with serum
albumin (90 to 93%) (26, 33) which is naturally present in phys-
iological conditions. Nevertheless, the fluorescence recovery
curves obtained by FRAP experiments in free medium and in the
biofilms strongly suggested the reversibility of daptomycin pro-
tein binding (33, 34): the equilibrium between the bound and
unbound states may conserve the apparent mobility of the antibi-
otic. Additional experiments were performed in a protein-free
medium (a saline solution supplemented with calcium ions). In
this case, bacterial cell membranes appeared as hot spots on fluo-
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rescence images, consistently with the described antibiotic inter-
action with its target (6). Surprisingly, whether the medium was
protein-free or not, daptomycin exhibited the same lack of effec-
tiveness, as revealed by time-kill studies performed by fluorescent
LIVE/DEAD staining and conventional plating on agar (data in
the absence of proteins not shown). Thus, the interaction with the
matrix components cannot explain biofilm tolerance to the anti-
biotic.

Thus, the particular physiology of embedded bacteria should
be considered, and more specifically, cells with low metabolic ac-
tivity should be investigated. Previous studies using a bromode-
oxyuridine (BrdU) immunofluorescent labeling technique dem-
onstrated that the large majority of staphylococcal cells in a
biofilm were actually in a low metabolic state (35, 36). Addition-
ally, in the present study, the comparison of cell viability results
obtained by CFU counts and fluorescence imaging highlighted a
significant proportion of viable cells detected by LIVE/DEAD
staining but not by CFU measurements. This subpopulation may
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FIG 4 (a) Visualization of MSSA ATCC 27217 and MRSA BCB8 biofilms using 3D reconstruction to observe biofilm thickness. Images were collected without
any drug exposure (control) and after 72-h exposure to unlabeled daptomycin (20 pg/ml) alone and in association with rifampin (20 pg/ml). Dead cells were
stained red with propidium iodide, and all bacteria were stained green with Syto9. The acquisition was performed on the whole biofilm thickness with an axial
displacement of 1 p.m. The dimensions of the images are 82 by 82 pum?. The mean thickness values of the biofilms over time (from 24 to 72 h) are written in white
on each image. Bar, 20 wm. (b) Percentage of dead cells over time calculated from three series of biofilm images. The biofilms were not treated with daptomycin
(control) or were treated with daptomycin (20 p.g/ml) alone or combined with rifampin (20 pg/ml). The values are means * standard deviations (error bars).

be considered viable but nonculturable (VBNC), a subpopulation
known to have a slow metabolism (37-39). Moreover, it has been
demonstrated that daptomycin is poorly effective against bacteria
in stationary stage (7, 27). One can thus reasonably suggest that for
bacteria with low metabolic activity, the cell membrane dysregu-
lation induced by daptomycin may be slower and/or more diffi-
cult to attain due to structural modifications of the cell mem-
brane. This assumption is supported by the reported data
revealing that daptomycin displays a concentration-dependent
bactericidal activity against dormant cells (7, 9, 12). In the present
study, we tested a higher concentration (double) of daptomycin
(40 pg/ml) on the different S. aureus biofilms, almost leading to
bactericidal effects after 24 h of drug exposure (see Fig. S3 in the
supplemental material) and showing no cell regrowth over time.
However, biofilm clearance was not reached. This achievement
was reported to occur at a daptomycin concentration equal to or

greater than 100 pg/ml but may not be relevant in clinical practice
(7,.9;'12).

Two distinctive findings in this study concern the BCB8
clinical isolate, which discriminated itself by a twofold-higher
penetration coefficient compared to the other strains tested
and a greater susceptibility as revealed by the observation of a
larger proportion of dead cells over the whole biofilm thick-
ness, including the basal layer in contact with the substratum.
These results are in line with those obtained in vivo (18), which
demonstrated a strain-dependent activity of daptomycin
against S. aureus biofilms. In view of the antibiotic mechanism of
action which is supposed to target the plasma membrane, the ob-
served variable response depending on the bacterial strain may be
due to a change in membrane composition or conformation from
a strain to another.

Facing the lack of daptomycin efficiency in treating recalcitrant

MSSA 27217 MRSA BCBS8
104 10
E 8 8 -e- Control
E - Daptomycin
O 64 6 Daptomycin
z + Rifampin
50 44 4
2 . 2 . 24 T T "
0 24 48 /] 2 48 7

Time (hours)

FIG 5 Time-kill curves of daptomycin (20 p.g/ml) alone or combined or with rifampin (20 pg/ml) against MSSA ATCC 27217 and MRSA BCB8 biofilms. The

values are means * standard deviations (error bars).
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FIG 6 Number of rifampin-resistant mutants determined in MSSA ATCC
27217 biofilms counted on rifampin-containing TSA plates. The biofilms were
treated with rifampin alone (20 pg/ml) or with the daptomycin-rifampin
combination (20 pg/ml for both antibiotics). Above each bar is shown the
percentage of rifampin-resistant mutants in S. aureus biofilms among the total
bacterial population. Error bars represent the standard deviations.

S. aureus BAI, the addition of rifampin has raised great interest
(10-13, 15, 40—42). In this study, we demonstrated that the com-
bined therapy was indeed highly efficient against S. aureus bio-
films but did not allow total bacterial clearance. Both antibiotics
have been shown not to cross-react with each other, as evidenced
by steady-state fluorescence spectroscopy. Moreover, the pene-
tration, diffusion, and localization of the fluorescently labeled
daptomycin were not affected by the presence of rifampin. We
also proved here that rifampin-resistant mutants emerged
when biofilms were treated with rifampin alone, but not when
treated with the antibiotic combination. Altogether, the data
presented here confirm that daptomycin prevents the emer-
gence of rifampin-resistant mutants, allowing the bactericidal
activity of rifampin to occur quickly, regardless of the cell phys-
iological state.

In conclusion, consistently with the previous in vivo study aim-
ing at evaluating the antibiotic efficacy in S. aureus prosthetic vas-
cular graft infections (18), we demonstrated in the present in vitro
model a strain-dependent lack of daptomycin activity toward bio-
films. Dynamic fluorescence microscopy allowed discarding a lack
of antibiotic availability and interaction with bacteria. Given the
mode of action of daptomycin, these observations suggest a mem-
brane-dependent factor of tolerance in such biofilms. Therefore,
to provide a better understanding of the reduced activity of dap-
tomycin against biofilms, the composition of the membrane
should be analyzed.
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FIG S1 Time course of BODIPY-FL®-daptomycin penetration measured at the bottom of (a) S. aureus 27217,
176 and 33591 and (b) S. aureus BCB8 biofilms. The relative intensity corresponds to a normalization of the
maximum intensity value to one. Time zero corresponds to the moment at which BODIPY-FL®-daptomycin was

added above biofilm.
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FIG S2 Visualization of MSSA and MRSA biofilms using 3D reconstruction to observe biofilm thickness. Images
were collected without any drug exposure (control) and after (a) 24 h and (b) 48 h exposure to daptomycin (20
pg/mL) alone and in association with rifampicin (20 pg/mL). Dead cells were stained red with Pl and all bacteria
were stained green with Syto9®. The acquisition was performed on the whole biofilm thickness with an axial
displacement of 1 um. Images dimension is 82x82um2. The scale bar corresponds to 20 pum.
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FIG S3 Time-kill curves of daptomycin (40 pg/mL) against the four MSSA and MRSA biofilms. Since no
statistically significant difference was observed between the four controls (P > 0.05), only one curve was
represented. Filled diamonds: controls, filled squares: S. aureus 27217, filled triangles: S. aureus 176, filled
circles: S. aureus 33591, crosses: S. aureus BCB8. Error bars represent the standard deviation.
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4.3. Résultats complémentaires
4.3.1. Sensibilité aux antibiotiques de biofilms de 24 h selon la nature du substrat.

Nous avons évalué I’influence de la nature du support — patch de Dacron ® (cf. Article 2) ou
microplaque en polystyrene (cf. Article 3) — in vitro sur la croissance des biofilms et sur I’action
des antibiotiques daptomycine et vancomycine seuls ou en association avec la rifampicine
(Figure 5). La structure tridimensionnelle des biofilms, observée en imagerie de fluorescence
confocale, s’est révélée étre trés différente : sur le Dacron®, la biostructure est beaucoup moins
dense et plut6t organisée en amas de bactéries ne recouvrant pas toute la surface (cf. Article 2
JAC 2016) comparativement a une microsurface de polystyréne sur laquelle le biofilm se
développe de fagon uniforme sur toute la surface pour atteindre ~20 um d’épaisseur au bout de
24 h. Néanmoins, 1’activité des antibiotiques est trés comparable dans les deux cas (Figure 5),
ce qui révéle que I’(in)activité de ces antibiotiques est indépendante 1’épaisseur du biofilm.,

Microplaque en polystyréne Pastilles d’1 cm? de Daron
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Figure 5. Cinétiques de bactéricidie des antibiotiques vis-a-vis des biofilms de S. aureus ATCC 27217 formés
sur microplaque et sur Dacron®. Les pastilles de Dacron d’1 cm? sont pré-incubées une nuit dans de I’albumine
de sérum bovin (BSA) 37 g/L pour se rapprocher des conditions de pré-implantation chez la souris. 1 mL de
suspension bactérienne (108 CFU/ml) est alors déposé dans le puit d 'une plaque de 24 puits contenant le Dacron
de sorte a l'immerger complétement. Apres incubation 1h30 a 37°C (adhésion), chacun des puits est rincé avec
de I’eau physiologique 9 g/L et resupplémenté en Tryptic Soy Broth (TSB)+BSA+Ca?*. 24h plus tard (formation
de biofilm), les puits sont rincés a nouveau et resupplémenté cette fois en TSB+BSA+Ca?* additionné ou non
d’antibiotiques. La concentration finale en calcium est de 50 mg/L. Les dénombrements de bactéries viables
cultivables sont alors réalisés aprés dilutions successives et dépbts sur milieux gélosés (TSA). Les concentrations
d’antibiotiques sont de 40 ug/ml pour la vancomycine et de 20 ug/ml pour la daptomycine et la rifampicine.
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4.3.2. Marquage fluorescent de la daptomycine

La daptomycine est un antibiotique naturellement fluorescent (absorption : 360 nm, émission de
fluorescence : 470 nm) mais son rendement de fluorescence est trés faible. De ce fait, pour
pouvoir suivre la dynamique de la daptomycine au sein des biofilms en imagerie de
fluorescence, il était nécessaire de marquer 1’antibiotique avec un fluorophore.

(i) Synthése du NBD-daptomycine

Nous avons dans une premiére approche initié la synthese du NBD-daptomycine en
suivant le protocole décrit par Murai et al.'*3!34 Le NBD-CI (4-Chloro-7-nitrobenzofurazan)
est couramment utilisé pour marquer des peptides, des protéines, des médicaments ou d’autres
biomolécules. Il ne fluoresce que lorsqu’il réagit avec des groupes tels que les amines, les acides
aminés, les peptides et les protéines. De plus, il a été démontré que son greffage a la
daptomycine ne modifiait pas son activité de vis-a-vis des bactéries.**

Bien que nous soyons parvenus a synthétiser la molécule NBD-daptomycine, sa
fluorescence, aux concentrations thérapeutiques d’antibiotique que nous avons utilisées (20
ng/ml), s’est avérée trop faible pour étre visualisée correctement en microscopie confocale de
fluorescence (Figure 6). C’est pourquoi nous avons choisi d’utiliser le BODIPY-FL-
daptomycine, gracieusement fourni par la société américaine (Cubist Pharmaceuticals,
aujourd’hui faisant partie du groupe Merck).
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Figure 6. Spectres d’absorption (A) et d’émission de fluorescence du NBD-daptomycine dans de [’eau
physiologique 9 g/L (B) et au sein des biofilms de 24h de S. aureus ATCC 27217 (milieu : TSB+BSA+Ca?*) (C).
Les spectres A et B sont acquis avec un spectrofluorimetre (Varian) tandis que le spectre C est acquis avec le
microscope confocal de fluorescence Leica TCS SP5. Dans les deux cas, la longueur d’onde d’excitation est de
488 nm. La concentration du NBD-daptomycine est de 20 pg/ml.
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Dans le cadre de I’étude des facteurs responsables de I’inefficacité des antibiotiques vis-a-vis
des biofilms de S. aureus, nos précédents résultats suggerent que 1’état physiologique des
bactéries joue trés probablement un réle plus important que la matrice d’exopolymeéres dans
notre modele de biofilms. En effet, tel que décrit dans le chapitre 1, la majorité des bactéries
constituant un biofilm de S. aureus serait dans un état de métabolisme tres fortement ralenti.
Ainsi, le manque d’efficacité de la vancomycine au sein des biofilms peut s’expliquer par son
mécanisme d’action. En effet, il consiste a inhiber la synthése de la paroi bactérienne et ce, en
ciblant I’aminoacyl-D-alanyl-D-alanine, un processus qui ne se produit que sur des bactéries en
phase de division cellulaire.

La daptomycine est un lipopeptide qui, en présence de calcium, s’insére dans les
membranes des bactéries & Gram positif et s’oligomérise pour ensuite former des canaux par
lesquels vont fuir les ions potassium intracellulaires ; la membrane est alors dépolarisée et la
bactérie meurt. De ce fait, la molécule devrait étre efficace indépendamment de la physiologie
des bactéries. Les résultats décrits dans les deux premiers chapitres montrent que I’efficacité de
la daptomycine dans les biofilms, aussi bien in vivo quin vitro, reste limitée. Quels facteurs de
la physiologie des bactéries peuvent entrer en jeu ?

Pour ce faire, nous avons tiré parti de l’imagerie optique a résolution micro-
nanométrique en combinaison avec des méthodes (bio)chimiques afin de (i) sonder les
propriétés structurales et mécaniques de surface des bactéries dans leurs différentes phases de
croissance, exposées ou non a la daptomycine et (ii) disséquer les différentes étapes du
mécanisme d’action de I’antibiotique (insertion dans la membrane, formation de pores, fuite
d’ions potassium), selon la phase de croissance bactérienne.

Cette partie du travail a nécessité des développements méthodologiques, tant pour les
mesures de microscopie a force atomique, réalisées en collaboration avec Christian Marliére,
que pour les mesures de microscopie de super-localisation de molécules uniques (DONALD)
réalisées avec 1’équipe de Sandrine Lévéque-Fort. La mise au point du protocole concernant
cette derniére méthode est détaillée dans la partie résultats complémentaires du présent chapitre.
Les mesures AFM en mode approche-retrait, quant a elles, requiérent une
immobilisation/fixation des bactéries afin d’empécher leur détachement lors du passage de la
pointe. Les méthodes d’immobilisation/fixation rapportées dans la littérature impliquent
souvent des procédés invasifs (piégeage meécanique par aspiration, fixation chimique,
séchage,...) qui modifient la physiologie des bactéries.’*® Dans notre cas, I’'immobilisation a
¢été rendue possible par le simple dépot des suspensions bactériennes sur des lames d’oxyde
d’indium et d’étain (ITO). Ainsi, I’optimisation des conditions d’acquisition (force
appliquée, ...) a permis des observations sur des bactéries vivantes au cours du temps. Par
ailleurs, I’injection d’antibiotique a pu étre effectuée directement sous la pointe AFM sans
retrait du substrat : il a alors été possible de sonder la surface d’une méme bactérie avant et
apres ajout d’antibiotique. Néanmoins, notre étude présente une limite par rapport au milieu
physiologique utilisé pour I’observation des bactéries : bien que cultivées et déposées dans un
milieu de culture riche classique (TSB), les acquisitions ont été menées dans un milieu
minimum (de 1’eau physiologique NaCl, 9 g/L) pouvant « stresser » les bactéries sur des temps
longs. De ce fait, les modifications structurales et mécaniques de surface des bactéries ont eté
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évaluées pour chacune des phases de croissance sur des temps ne dépassant pas les deux heures,
en s’assurant que le milieu n’impactait pas la survie des bactéries (imagerie Live/Dead®).

Une premiére question €tait de savoir, lorsque la daptomycine n’est pas efficace (phase
stationnaire, biofilms), si I’antibiotique atteint sa cible biologique, la membrane cytoplasmique.
Gréace a I’apport de la méthode DONALD, nous avons confirmé que la daptomycine était
effectivement localisée a la membrane des bactéries. Nous avons ensuite recherché par
microscopie confocale de fluorescence et par microscopie a force atomique si 1’antibiotique
induisait des modifications de structure de la surface et de la membrane des bactéries. Ces
modifications structurales ont été observées pour les seules bactéries en phase exponentielle de
croissance (daptomycine active) mais pas pour les bactéries en phase stationnaire et en biofilms
(inactive). Enfin, I’imagerie de fluorescence a aussi permis de controler la présence d’ions
potassium dans le milieu extracellulaire, caractérisant 1’action de la daptomycine. La présence
de ces ions n’a pu étre mise en évidence que lorsque la daptomycine est active (phase
exponentielle de croissance).

Pour étre efficace, la daptomycine doit aussi s’oligomériser au sein de la membrane
bactérienne, un processus qui requiert une fluidité membranaire adaptée. Nous avons complété
nos travaux par une analyse détaillée de la composition en acides gras de la membrane des
bactéries de S. aureus. De maniere générale, la membrane des bactéries est une bicouche
lipidique composée notamment d’acides gras, dont la structure et I’agencement déterminent la
rigidité/fluidité de la membrane. Alors que les acides gras saturés non-branchés conferent aux
membranes une rigidité importante, les acides gras saturés branchés et/ou insaturés sont
représentatifs d’une fluidité plus importante, rendant la membrane plus perméable. L’analyse
de la composition des membranes bactériennes en acides gras a été réalisée par des méthodes
de (bio)chimie analytique (chromatographie en phase gazeuse et spectrométrie de masse) en
collaboration avec Florence Dubois-Brissonnet et Romain Briandet a 1’Institut Micalis de
I’INRA. Les résultats obtenus ont mis en évidence une corrélation entre la rigidité des
membranes et I’inefficacité de 1’antibiotique. Ceci suggere que bien que I’antibiotique atteigne
sa cible biologique au niveau de la membrane, il ne peut s’oligomériser du fait d’un
encombrement stérique local en acide gras trop important et n’est donc pas actif.

Cette hypothése a été vérifiée en enrichissant le milieu nutritif des bactéries avec un acide
gras insaturé, que I’on retrouve en abondance dans toutes les huiles vegeétales et animales et qui
permet d’induire une fluidité membranaire plus importante : dans ce cas, on recouvre une
activité bactéricide de la daptomycine.

Les résultats détaillés de ce troisieme chapitre sont présentés sous forme de deux articles
en préparation, le premier intitulé : « Real-time atomic force microscopy analysis of live
Staphylococcus aureus bacteria: from single sessile cell toward biofilm genesis » et le second
intitulé : « Failure of daptomycin to inactivate S. aureus cells: the influence of the fatty acid
composition of bacterial membranes. »
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5.1. Article 6 : “Real-time atomic force microscopy analysis of live
Staphylococcus aureus bacteria: from single sessile cell toward biofilm
genesis”

Rym Boudjemaa, Christian Marliere, Romain Briandet Marie-Pierre Fontaine-Aupart, Karine

Steenkeste

Article en préparation

98



RESULTATS

Chapitre 5 : L’imagerie optique a résolution micro-nanométrique et les méthodes de (bio)chimie
permettent d’identifier ['un des facteurs responsables de [’échec de la daptomycine

Real-time atomic force microscopy analysis of live Staphylococcus
aureus: from single sessile bacteria toward biofilm genesis

Rym Boudjemaa,? Christian Marliére,® Romain Briandet,” Marie-Pierre Fontaine-Aupart,?
Karine Steenkeste?

2 Institut des Sciences Moléculaires d’Orsay (ISMO), CNRS, Université Paris-Sud, Université Paris-Saclay,
Orsay, France; ® Micalis Institute, INRA, AgroParisTech, Université Paris-Saclay, Jouy-en-Josas, France

Introduction

Staphylococcus aureus (S. aureus) is a Gram-
positive pathogen implicated in a wide range of
hospital-acquired infections and often associated
with biofilm formation on medical implants.
Biofilm growth involves bacterial adhesion to
(a)biotic  surfaces, followed by cell-cell
interactions leading to microcolonies and further
mature biofilms, encased in a self-secreted
exopolymeric matrix.2 Initial bacterial adhesion is
associated with changes in phenotypic and
physiologic changes, enabling bacteria to cope
with antimicrobials aggression and thus rendering
associated infections very difficult to treat.

Among the key factors promoting bacterial
adhesion, cell envelope constituents (cell-wall
anchored proteins, exopolysaccharides, adhesins,
...etc.) fulfill an important role in substrate and
intercellular interactions involved in subsequent
biofilm formation.X® Indeed, it is now clear that
these biocompounds are either covalently
anchored or loosely-attached to S. aureus cell
wall.*” However, the mechanisms by which they
are implicated from bacterial adhesion to biofilm
formation remain unclear for now, likely due to
the lack of high-resolution data.

In this context, Atomic Force Microscopy (AFM)
offers the possibility to probe the nanoscale
architecture of living cells surface in their native
liquid environment, giving access to both visual
and quantitative information.®'! Hence, extensive
research has focused on the study of cells
morphological and mechanical properties.??
More recently, the combination of force
spectroscopy with biospecific probes has proved
very useful for the quantification of subcellular

chemical heterogeneities but also for the
characterization of bacterial interactions with each

other, with immune cells or with specific
molecules such as lectins, antimicrobials,
antibodies, ... etc.'®?2 Notably, recent studies

evaluated some of the surface decorations that
mediate cell-cell interactions (PIA, SraP, SdrC,
SasG, ...), revealing electrostatic and/or specific
homophilic binding between proteins of the
interacting cells.#19232%  However, little is
currently known about the bacterial cells envelope
modifications that drive aggregation and further
biofilm formation.

In this context, we took benefit from AFM to study
and quantify in real time and at sub-micrometric
scale the evolution of structural and
nanomechanical properties of live S. aureus cell
surface from dividing processes occurring during
exponential growth phase to the very first step of
biofilm formation. The morphological and
mechanical effects induced by a membrane-
targeting antibiotic, daptomycin, were also
investigated depending on the bacterial growth
phase.

Results and discussion

S. aureus cell surface properties from bacterial
division to the first steps of biofilm formation.

The structural and mechanical properties of S.
aureus bacterial surface were investigated
depending on their growth phase, whether in
exponentially-growing or in late stationary phase
(24-h culture). Each bacterial culture was adhered
1h30 before AFM acquisitions (see Materials and
Methods section).

99



RESULTATS

Chapitre 5 : L’imagerie optique a résolution micro-nanométrique et les méthodes de (bio)chimie
permettent d’identifier ['un des facteurs responsables de [’échec de la daptomycine

When probed in a large field of view (3 x 3 um?),
AFM height images revealed that exponentially-
growing cells were most often dividing, by pairs
or individualized (Figure 1 and 2). As shown in
Fig. 1A, bacterial division could be observed in
real-time during AFM scanning. Between 0 and 20
min, in line with electron microscopy
observations,”>%" a bridge linking the two
dividing cells was observed (Figure 1A).
Simultaneously, both space and depth between
bacteria increased from 100 to 150 nm and 70 to
200 nm respectively, revealing the septum
formation (Figure 1B). Interestingly, when
focusing on a smaller area on the top of
exponentially-growing cells (during division or
not, 0.4 x 0.4 pum2), height images revealed that the
bacterial surface was decorated with a regular
distribution of three-dimensional herring-bone
patterns (Figures 1A and 2B). Their lateral
dimensions varied between 50 and 100 nm and the
height between 10 and 15 nm. In a study on

Hauteur
0

15.34.36.174_Haight_Hy1 T tst 20100525 15.55.30.070_Haigit_My 1 et

B

2504

g

height_s (nm)
g

100 -

50 10 150 200 250 300 350

distance (nm) 2016/05/23

Lactobacillus, Francius et al. also highlighted a
rough morphology decorated with waves,
attributed to the production of extracellular
polysaccharides.’® However, to our knowledge,
such structural observations have never been
reported for S. aureus species. To explore the
mechanical properties of these patterns, we
determined Young moduli values, a parameter that
reflects the elasticity of the cell (the lower are the
values, the softer is the cell surface). To obtain
these values, force curves were recorded over each
image (128 x 128), converted into indentation
curves and fitted with the Hertz model to generate
elasticity maps (Figure 2C). From each map,
resulting histograms were represented to depict
the Young moduli distribution over each image
(Figure S2). Elasticity maps and their
corresponding histograms showed three major
values (center of gaussian peaks), 0.35 + 0.03
MPa, 0.95 £ 0.07 MPa and 2.3 + 0.3 MPa (mean
+ SD, n =32 768 curves from three different cells

2010523

Figure 1. Real-time AFM imaging of S. aureus bacterial division. (A) Height images are represented at t0 and
21 min after the first acquisition. A high magnification image (0.3 x 0.3 um2) is also represented on the right, to
show the topographic structure on the top of the cell (indicated with the red square) (B) Cross-sections illustrating
space and depth increase over time. The blue arrow indicates the bridge linking the two dividing cells.
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Figure 2. AFM multiparametric imaging reveals the nanoscale structure and mechanical properties of S.
aureus cell surface depending on its growth phase. For each condition (exponential growth phase, centrifuged
or not, and stationary phase), are represented (A) 3 x 3 um2 height images of S. aureus cells, (B) 0.4 x 0.4 um?
height images corrected from curvature radii, (C) elasticity maps over the same area. Similar results were obtained
for at least four cells from different cultures. Red arrows point the bacterial septum and yellow ones indicate the

globular clusters.

from two different cultures), with contributions
(areas under the related peak) of: 17 + 6%,
30 +5% and 53 = 9 % (Figure 3D). Correlation
between structural and elasticity properties
indicated that the main stiff consituents (~
2.3 MPa) corresponded to the upper patterns while
the softer ones (~ 0.35 MPa) were deeper, thus
likely attributed to the bacterial cell wall. Indeed,
this ~ 0.35-MPa Young modulus is consistent with
literature data, reportedly varying from 0.3 to 0.5
MPa for S. aureus cell wall.

To determine if this stiff extracellular layer
covering the cells was firmly attached to the cell
wall, we imaged exponentially-growing cells after

centrifugation. The resulting height images and
elasticity maps demonstrated that centrifuged cells
exhibited a smooth (1.8 nm Root Mean Square
(RMS) for an 0.3 x 0.3 pm? area) and softer
surface (major peak centered at 0.3 MPa),
revealing that the cells decorations were removed
(Figure 2) and thus loosely-attached to the cell
wall. In view of these results, this extracellular
layer cannot be attributed to cell wall anchored
proteins, components that should not be easily
removable by centrifugation.

By contrast to exponentially-growing bacteria,
when grown to late stationary phase (24-h
culture), S. aureus cells were mostly aggregated
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Figure 3. The stiff extracellular layer covering adhered exponentially-growing cells gets gradually removed
with the growth phase aging. For each culture stage (16-, 18- and 20-h cultures) are represented (A) 3 x 3 pm?
height images of S. aureus cells, (B) 0.4 x 0.4 um? height images corrected from curvature radii, (C) elasticity
maps over the same area, (D) contributions (%) of each Young modulus value depending on the bacterial growth
phase. Similar results were obtained for at least four cells from different cultures. Red arrows indicate the holes
formed (~0.4 MPa) at the bacterial surface. Blue squares indicate the ‘zipper-like’ pattern (~0.4 MPa). Yellow
circles indicate the soft extracellular material (~50 kPa) secreted by bacteria.

and small globular clusters (200-nm high and 300-
nm large) were observed between them (Figure
2A). In addition, no decorations were observed on
their top (Figure 2B): while the surface of

exponentially-growing cells was rough, the one of
stationary phase bacteria appeared much smoother
(47 and 05 nm RMS respectively for
0.3 x 0.3 um?2 areas, Figure 2B). Consistently with
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earlier AFM studies on S. aureus,’®*® Young
moduli  histograms demonstrated for late
stationary phase a homogenously soft cell surface
(one peak centered at 0.17 £ 0.05 MPa, Figure 2C
and S2). Strikingly, we found, by focusing (0.3 x
0.3 um?) on the globular clusters present between
bacteria, that they exhibited the same structural
and mechanical properties as for exponentially-
growing bacteria (Figure 2B, 2C and S2): highly
stiff (major peak centered at 2.68 + 0.07 MPa)
herring bone patterns (~ 15-nm high) with a
roughness of 2.6 nm RMS for an 0.3 x 0.3 um?
area. What happens then to this stiff extracellular
layer when the bacterial cultures get older?

S. aureus cells have been well-described to
produce a variety of extracellular biocompounds
(proteins, polysaccharides, ...etc) associated to
the cell surface that promote cell-cell adhesion and
further biofilm formation.*” Among them, cell-
wall anchored proteins are numerous. However,
considering our observations (easy removal upon
centrifugation), the extracellular stiff layer
observed on the surface of exponentially-growing
cells cannot be attributed to such firmly-attached
proteins. Rather, the presence of a polysaccharidic
capsule should be more consistent but needs to be
further studied. In view of our results, it is then
tempting to speculate that during exponential-to-
late stationary phase transition, bacteria get rid of
their stiff envelope layer, which further
accumulates into globular clusters between cells to
cement cell-cell adhesion and initiate subsequent
biofilm formation.

To support this hypothesis, we further assessed the
evolution of the cell surface structural and
mechanical properties over time from exponential
to late stationary phase (described above). To this
end, we harvested cells at intermediate stages:
16-, 18- and 20-h cultures (Figure 3). AFM height
images and elasticity maps obtained for early
stationary phase cells (16-h culture) showed that
the cell surface exhibited again herring-bone
patterns with similar mechanical properties than
exponentially-growing bacteria (~ 2 MPa, Figure
S2). But in addition, multiple 60-nm large and 20-
nm deep holes were observed (Figure 3B),

yielding a low value (0.4 + 0.2 MPa) for elasticity
(Figures 3C and S2), similarly to the surface of
late stationary phase cells (Figure 2D).

When grown for 18 h, bacteria were not anymore
isolated but rather gathered within aggregates.
Importantly, the holes extended to finally join
each other, forming a zipper-like pattern
(indicated with blue rectangles in Figure 3) on the
cell surface in which Young moduli values were
0.4 + 0.2 MPa while the rest of the surface was
~1.6-2 MPa (Figure S2), indicating a gradual
removal of the stiff extracellular decorations.

Finally, bacteria harvested from 20-h cultures
were no longer covered by the 2-MPa stiff
decorations and displayed homogenously smooth
and softer (0.4 MPa) surfaces (Figure 3). By
contrast, at this growth stage, a very soft
(~ 50 kPa) extracellular material, different from
the 2-MPa stiff one, was shown to be slowly
secreted by bacteria at a diffusion/secretion rate of
21 nm?/s (Figure 4). In a previous AFM study, it

Secretion |
(600nm)*
NV11

Graph5

13.17.56.797_Height_NV11w_secretion. txt 2017/03/07

13.17.56. 13.36 _secretion.txt

2017/03/07

500 1000
Graens time (s)

Figure 4. Diffusion measurement of the soft
extracellular material (~ 50 kPa) secreted by S.
aureus bacteria. (A) Secretion spread at different time
points (B) Distance between the secretion spread

curves as a function of time over the white dashed line.
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has been shown that S. aureus can produce an
extracellular soft layer that covers its surface and
drastically increases the cell softness (~ 45 kPa
instead of ~ 500 kPa for native cell), a finding
attributed to the secretion of Polysaccharide
Intercellular Adhesin (PIA), a major biofilm
matrix component.

To provide quantitative information about the stiff
extracellular layer removal as a function of the
growth phase, we deduced from the Young moduli
histograms the contributions (areas under peak)
for each of the three values over time. Depicted in
Figure 3D, they confirm that the contribution of
the stiffer component drastically decreases from
exponentially-growing cells to late stationary
phase cells (53 to 0%). Inversely, the softer
component (0.4 MPa) significantly increases from
17 to 60 %. This strongly provides evidence that
bacterial cells progressively get rid of their stiff
extracellular surface decorations from the dividing
step to the late maturation of cells.

Daptomycin effect on S. aureus surface
properties. Daptomycin is a membrane-targeting
antibiotic that, in the presence of calcium, inserts
into the cytoplasmic membrane where it
oligomerizes, leading to pore formation,
potassium ions leakage and ultimately to cell
death.? Recently, it has also been shown that
beside targeting the membrane, daptomycin action
involves a delocalization of membranes-anchored
proteins subsequently blocking the cell wall

Stiff extracellular layer,
Herring-bone patterns

Gradual removal,
forming holes

Exponential growth phase

Early-stage stationary phase
(16-h culture)

Middle-stage stationary phase

synthesis.® Here, we took benefit from AFM to
analyze the topographic and mechanical
properties  of  exponentially-growing  and
stationary phase S. aureus bacteria in the presence
of daptomycin (20 pg/mL). But first, we assessed
daptomycin activity over 24 h against
exponentially-growing S. aureus cells, adhered to
a surface in the same conditions that the ones used
for AFM. To this end, bacterial counting on agar
plates was performed, revealing that daptomycin
was bactericidal against adherent cells for the first
6 h only (Figure S1). Interestingly, the same
experiments performed on their planktonic
counterparts showed that daptomycin maintained
its bactericidal activity over the whole time course
(24 h). The comparison between these two
conditions strongly suggests that adhesion of S.
aureus cells plays a major role on the antibiotic
efficacy. Daptomycin activity assessment was also
performed on planktonic stationary phase cells,
demonstrating that this population was insensitive
to daptomycin: only a slight reduction in bacterial
counts was measured for the first 3 h of treatment
(Figure S1). In this context, which impact does
have the antibiotic on S. aureus cell surface
depending on the growth phase?

When grown to late stationary phase cells, neither
the structural nor the mechanical properties of S.
aureus cells were affected by daptomycin
presence (Figure 6B). By contrast, on
exponentially-growing bacteria, addition of dapto-

Accumulation into
globular clusters sticking
between bacteria

|

Zipper-like
pattern

1

Late stationary phase

(18-h culture) (24-h culture)

Figure 5. Schematic representation of the proposed dynamic for the stiff extracellular layer. In exponential
growth phase, the cell surface is surrounded by a stiff extracellular layer characterized by herring-bone patterns.
Along with phase aging, these patterns get gradually removed, first forming holes, second zipper-like patterns and
finally accumulate into globular clusters sticking between bacteria. During this late stage, bacteria also secrete a
very soft extracellular material, probably contributing to the matrix construction.
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mycin strongly altered the structural and
mechanical properties of the cell surface. The
surface morphology, shown in Fig. 6B, was much
rougher: 15 min after daptomycin injection, a
drastic increase of the difference in major height
values was measured (~1 to ~ 10.2 + 1.7 nm) and
remained stable over 2 h (Fig. 6A). The cell
surface stiffness was lower: concomitantly to the
sudden height variation, the highest Young
modulus peak (2.5 MPa) slightly decreased to
reach a mean value of 2.26 + 0.05 MPa within 10
min. 90 min after that, this high elasticity peak,
associated with the stiff extracellular layer

A

Height dgference (nm)

completely disappeared: only the peaks at lower
values, 0.37 + 0.01 MPa and 0.90 + 0.15 MPa
(with a weight of 5% and 95% respectively) were
still present. This sudden height and elasticity
variation effect can reasonably be attributed to the
deconstruction of the peptidoglycan wall,
presumably a consequence of daptomycin
insertion into the cytoplasmic membrane of
exponentially-growing cells. In a recent study,*
daptomycin was shown to have indirect effects on
the cell wall structure upon insertion into the
membrane: subsequently to its membrane
insertion, daptomycin is believed to interfere with
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Figure 6. Daptomycin-induced nanoscale effect on S. aureus exponentially-growing and late stationary
phase cells. (A) Height difference measurements over time before and after daptomycin addition (axe zero).
(B) Height images, elasticity maps and Young moduli histograms.
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the lipid organization of the cell membrane,
further provoking the rapid detachment of specific
membrane-associated proteins, and leading to cell
wall alteration.®

In view of the poor or no activity of daptomycin
reported against stationary phase cells, the
differential effects observed with exponentially-
growing bacteria are likely related to the
daptomycin-induced action in this last case.

Conclusion

In conclusion, our live-cell AFM experiments
enabled to analyze in real time the evolution of the
structural and mechanical properties of S. aureus
during exponential-to-stationary phase transition
(or planktonic individualized cells to aggregates
formation). Our data presented here demonstrate
that exponentially-growing S. aureus exhibit a
stiff extracellular layer, likely to play a crucial role
in subsequent biofilm formation. Indeed, real-time
analysis of the cells surface structural and
mechanical modifications provide direct evidence
that the stiff 15-nm layer covering the cells
progressively detach during exponential-to-late
stationary phase transition to agglomerate into
globular deposits sticking between the cells, and
thus promoting intercellular adhesion and
aggregation.

Furthermore, we show here that addition of
daptomycin profoundly alters the structural and
mechanical properties of S. aureus cell surface in
exponential growth phase. Our data emphasize the
key role of daptomycin in cell wall deconstruction
as a consequence of membrane insertion and
further destabilization.

Methods.

Bacterial strain and culture conditions. The
following S. aureus strain was used in this study:
S. aureus ATCC 27217 (a methicillin-susceptible
collection strain). Prior kept at -80°C in
Trypticase Soy Broth (TSB, bioMérieux, France)
containing 20% (vol/vol) glycerol, the frozen cells
were then subcultured twice in TSB (one 8-h
culture, followed by an overnight culture at 37°C)

to constitute the stock cultures from which
aliquots were kept at -20°C.

Following two further subcultures in TSB (one 8-
h culture followed by an overnight culture),
stationary phase cells were harvested after 16, 18,
20 or 24 h of the overnight culture while
exponentially-growing cells were obtained with a
third subculture in TSB.

AFM experiments.

(i) Bacterial immobilization and antibiotic
addition. One fundamental requirement when
using AFM is to avoid the sweeping away of
bacteria from the scanned region by the AFM tip
because of its lateral interactions with the poorly
adhered bacteria. To cope with this limitation,
several approaches have been employed to
immobilize or fix cells (mechanical trapping into
membrane  pores, chemical coating of
substrates,...).1® Unfortunately, such strategies
may induce stressful conditions but more
importantly to alter the bacterial cell physiology
and bias observations. To obtain the most realistic
representation, we therefore imaged living
bacteria spontaneously adhering on the substratum
(RBS and CaCOs-cleaned Indium-Tin Oxide
(ITO) glass slides). 500 pL portions of the
bacterial cultures, prepared as described
previously, were deposited (without any
centrifugation if not mentioned in the text) on the
cleaned ITO for 1h30 at 37°C. Samples were then
both rinsed and refilled with sterile NaCl (9 g/L)
supplemented with CaCl,, 2H,0 (50 mg/L).

For the experiments involving daptomycin, the
antibiotic (purchased from Sigma Aldrich) was
used at a therapeutic concentration of 20 mg/L,
and injected directly into the sample in a way that
prevents sample moving. For these experiments,
the surface of a same bacterium was probed before
and after daptomycin injection to control (i) that
the tip didn’t damage the cells and (ii) to prevent
from intercellular variability.

All experiments were performed at least five cells
from three independent cultures.
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(i) AFM imaging. AFM images were performed
using a Nanowizard Il AFM (JPK Instruments,
Germany) coupled to a commercial inverted
microscope (Zeiss, Germany). AFM data were
acquired the Quantitative Imaging mode with
CSC38 SiO, AFM tips were used (MikroMasch,
nominal spring constant of 0.03 N/m). Force
curves were acquired over 128 pixels x 128 pixels
images were recorded with an applied force kept
at 1.2 nN for all conditions at a constant
approach/retract speed of 142 um/s (z-range of 1
um). Young’s moduli were calculated using the
Hertz model, in which the force (F), indentation
(9), and Young’s modulus (E) follow the equation

2xExtana . . )
F = (057" where o is the tip opening angle

(40°) and v the Poisson ratio (arbitrarily assumed
to be 0.5). The cantilever spring constants were
determined by the thermal noise method.

Raw data treatment was then performed using
home-made Matlab programs and Origin Pro
software.

Determination of daptomycin biological
activity against S. aureus. Daptomycin activity
was assessed against the S. aureus MSSA ATCC
27217 strain in exponential phase of growth
(planktonic and adhere), stationary phase and 24 h
biofilms.

(i) Planktonic cells. After two subcultures in TSB
(one 8-h culture followed by an overnight culture),
stationary phase cells were harvested directly
using the overnight culture while exponentially-
growing cells were obtained with a third
subculture in TSB with shaking at 100 rpm during
3 h. Bacterial suspensions were washed twice in
sterile NaCl (9 g/L) and resuspended in TSB. The
bacterial solution was then divided equitably into
cell culture flasks where daptomycin solution was
added. Bacterial growth was also controlled with
a sample without daptomycin that corresponds to
the control experiment. Viable culturable bacteria
were then counted at regular interval times: 0 h
(when antibiotics were added), 3, 6 and 24 h after
antibiotics injection. For each time, 1.5 mL of
bacterial culture was collected and centrifuged 10
min at 7000g in order to eliminate the excess of

antibiotic. The bacterial pellet was dispersed in 1.5
mL sterile NaCl (9 g/L) centrifuged again and
dispersed in the same conditions. Successive
decimal dilutions were then realized. For each
dilution, six drops (10 pL) were deposited on
Tryptic Soy Agar (TSA) plates (Biomérieux,
France), incubated at 37°C during 24 h. CFUs
were counted and averaged for each dilution at
each time. The detection limit of viable culturable
cells was here 100 CFU/mL.

(i) Adhered exponentially-growing cells.
Bacterial suspensions were obtained after three
subcultures in TSB. 250 pL were then added to 96-
well microplates (uClear; Greiner Bio-One,
France). After a 1.5-h adhesion period at 37°C, the
wells were rinsed with a NaCl solution (9 g/L) to
eliminate non-adherent cells, refilled with sterile
TSB supplemented with calcium and daptomycin
(final concentrations: 50 mg/L and 20 pg/mL
respectively). Viable culturable bacteria were then
enumerated by serial dilutions and plating on TSA
plates at regular interval times: O h (when
daptomycin was added), 3, 6 and 24 h after the
antibiotic injection. For each time, bacterial
cultures were centrifuged twice, decimal dilutions
were realized and CFUs were counted as for
planktonic bacteria.

(iii) Biofilms. For the preparation of S. aureus
biofilms, the same adhesion protocol as for
adhered cells was followed. After the 1.5-h
adhesion period at 37°C, the wells were rinsed
with a NaCl solution (9 g/L) to eliminate non-
adherent cells, refilled with sterile TSB and then
incubated for 24 h at 37°C to allow biofilm
growth. To assess daptomycin activity, the 24 h-
biofilms were rinsed with a sterile NaCl solution
(9 g/L) before adding daptomycin solution diluted
in TSB as described previously. Viable culturable
bacteria were then enumerated by serial dilutions
and plating on TSA plates at regular interval
times: 0 h (when daptomycin was added), 3, 6 and
24 h after the antibiotic injection. For each time,
bacterial cultures were centrifuged twice, decimal
dilutions were realized and CFUs were counted as
for planktonic bacteria.
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Figure S1. Daptomycin activity against S. aureus planktonic cells (exponential and stationary phase),
adhered bacteria and biofilms.
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Failure of daptomycin to inactivate S. aureus cells: the influence
of the fatty acid composition of bacterial membranes
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Dupuis, ¢ Alexandra Gruss,  Sandrine Lévéque-Fort, * Romain Briandet, ® Marie-Pierre Fontaine-
Aupart, ® Karine Steenkeste 2

2 Institut des Sciences Moléculaires d’Orsay (ISMO), CNRS, Université Paris-Sud, Université Paris-Saclay,
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Introduction

Staphylococcus aureus (S. aureus) is a major
opportunistic human pathogen that causes a wide
range of severe clinical infections, including
bacteremia and endocarditis, as well as infections
related to prosthetic implants. These invasive
diseases are often associated with biofilm
formation.?® The distinct properties of bacteria in
biofilms, compared to their planktonic
counterparts, render such infections particularly
difficult to treat, resulting in severely restricted
antimicrobial treatment options.*

Daptomycin was approved by the Food and Drug
Administration in 2003 for the treatment of severe
Gram-positive infections including those caused
by methicillin-resistant S. aureus (MRSA).® This
cyclic lipopeptide, comprising a hydrophilic
depsipeptide covalently linked to a decanoyl fatty
acid chain,>® generally displays a rapid
bactericidal activity by binding to the cytoplasmic
membrane. Calcium ions (Ca?) enhance
daptomycin amphiphilicity by assembling the
charged amino acids on one side of the molecule
and exposing its lipophilic tail on the other side,
leading also to micelle formation. When in contact
with bacterial membranes, daptomycin micelles
undergo structural transitions, enabling the
lipophilic tail to interact with the membrane,
leading to pore formation and membrane
destabilization, followed by potassium ion leakage
and subsequent cell death.” Daptomycin
aggregation in the membrane also interferes with
membrane-associated processes, impairing cell
envelope synthesis.”*°

Due to their multiple targeted mode of action,
membrane-active  antimicrobials  such  as
daptomycin are believed to be bactericidal against
slowly-growing or dormant bacteria as well as on
biofilms.51112 However, daptomycin failure to
treat S. aureus infections in clinical practice >322
reportedly vary between 10% and 40% depending
on the site of infection treated.?® Interestingly,
while daptomycin treatment failure is frequent in
clinical practice, it does not seem to correlate with
resistance-based genetic mutations.?®?* This might
suggest that decreased susceptibility to
daptomycin is an adaptive event independent on
“classical resistance”. In this context, daptomycin
showed decreased activity against slowly-growing
and biofilms cells without any concomitant
increase in strains MICs (minimum antibiotic
concentration required to inhibit bacterial growth,
a parameter that defines the strain
sensitivity/resistance).?° We reasoned that as the
bacterial membrane is the daptomycin target, an
investigation of membrane biophysical properties
would give insight on the parameters affecting
bacterial unsusceptibility versus susceptibility. In
particular, Dubois-Brissonnet et al. recently
reported that slow-growing and biofilm bacteria
exhibit more rigid membranes than actively-
growing cells, which may be one reason for
bacterial recalcitrance to daptomycin.?

The bacterial membrane equilibrium between
rigidity and fluidity is driven by the structure and
composition of phospholipid fatty acids.?? In the
case of S. aureus, bacterial membranes mainly
consist of straight-chain and branched chain
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saturated fatty acids. Straight-chains pack together
to produce a bilayer with low permeability
properties, while branched chain iso or anteiso
methyl species promote a more fluid membrane
structure.?® Besides, the presence of exogenous
fatty acids as found in the growth environment
(serum, fluids, ...etc.) can impact membrane
composition and fluidity.?

Here we investigate the impact of growth phase
and membrane composition on daptomycin
efficacy against S. aureus.

Results

S. aureus sensitivity to daptomycin as a
function of growth state and strains.
Daptomycin activity was assessed against two
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methicillin-susceptible (MSSA ATCC 27217 and
176) and two methicillin-resistant (MRSA ATCC
33591 and BCBS8) S. aureus strains, all of which
scored as daptomycin-sensitive in standard MIC
tests (Minimum Inhibitory Concentrations (MICs)
below the breakpoint value, which is 1 mg/L
according to EUCAST 2016).%° These strains were
then examined for sensitivity to daptomycin as a
function of growth phase (Fig. 1).

Three of the four strains (Fig. 1) showed accrued
sensitivity during exponential growth when
treated with a therapeutic  daptomycin
concentration (20 pg/mL, Fig. 1). In strong
contrast, daptomycin had only a primarily
bacteriostatic effect on cells maintained in the
stationary phase or included in biofilms (Fig. 1).
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Fig. 1. Daptomycin activity over time against four S. aureus strains depending on their phase of growth.
Each graph represents daptomycin-induced reduction in bacterial counts over time at regular time points (0, 3, 6
and 24 h) for each strain. MSSA ATCC 27217 and MRSA ATCC 33591 are two collection strains. MSSA 176
and MRSA BCBS8 are clinical strains isolated from bloodstream infections in patients. Error bars represent the
ANOVA based on at least 4 independent experiments (P < 0.05).
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One clinical isolate, MRSA BCBS8, responded
differently to daptomycin compared to the other
tested strains. This latter was less sensitive to
daptomycin for exponential growth cells, but was
less affected for cells in the stationary phase or
inside biofilms (Fig. 1).

These results show that S. aureus sensitivity to
daptomycin activity varies not only with the
growth state but also with the strain.

Daptomycin is bioavailable and interacts with
stationary phase S. aureus cells. We investigated
whether the failure of daptomycin to eradicate S.
aureus stationary phase and biofilm cells was
simply due to a loss of binding by comparison to
exponential phase cells. To this purpose, we
performed image-based Fluorescence Recovery
After Photobleaching (FRAP) to measure
daptomycin diffusion and bioavailability within
planktonic cells, either during exponential growth
or in stationary phase and compare to the results
already obtained with biofilm-encased cells in %°.
Fluorescence recovery curves were equivalent
regardless of the bacteria growth phase. The S.
aureus-bound fluorescent BODIPY-FL-
daptomycin was ~ 60 + 5%, (vs only 20% inside
biofilms) while 40% (respectively 80% inside

A
Photobleaching

1.2 1

(a.u.)

biofilms) remained bioavailable over the 30-s
observation period (Fig. 2A). The local diffusion
coefficient at equilibrium (D), determined using
the Braga mathematical model,*® was 11.0 + 1.2
pum?/s, and was independent of the growth phase
(to be compare to 7.1 + 0.6 um?/s in biofilms). As
a control, BODIPY-FL alone did not associate
with bacteria, and fluorescence was fully
recovered after photobleaching (100% freely-
diffusing molecules); its local diffusion
coefficient was ~ 180 + 60 um?/s (data published
in 30). Daptomycin binding to stationary phase
staphylococci was also imaged by fluorescence
Confocal Laser Scanning Microscopy (CLSM)
(Fig. 2B). Altogether, these results demonstrate
that daptomycin interacts with S. aureus
independently of the cell state, suggesting that the
drug is cell-associated, but inactive against
stationary phase and biofilm cells.

Daptomycin reaches its cytoplasmic membrane
target in stationary phase S. aureus. We asked
whether cell-bound daptomycin actually reached
its target, the cytoplasmic membrane, in stationary
phase cells. Due to the thin S. aureus cell
membrane, fluorescence CLSM did not provide

Normalized fluorescence intensity

Time (s)

30

Fig. 2. Daptomycin interacts with exponentially-growing and stationary phase cells and 40% of free
molecules are still bioavailable. (A) A typical fluorescence recovery curve obtained for BODIPY -FL-daptomycin
within exponentially-growing and stationary phase MSSA ATCC 27217 cells. The normalized fluorescence
intensity is represented as a function of the time. In orange is shown the immobile fraction and in green the mobile
fraction. (B) A typical image acquired for stationary phase cells deposited 5 min prior to observation on a coverslip,
in the presence of BODIPY -FL-daptomycin. The inset allows to visualize that BODIPY-FL-daptomycin appeared

homogenously localized at the surface of bacterial cells.
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significant resolution to discriminate between wall
or membrane location of daptomycin (200-nm
resolution, versus ~ 40-nm thickness for the cell
wall and 10-15 nm for the cell membrane).3-3% We
therefore performed Direct Optical Nanoscopy
with Axially Localized Detection (DONALD) to
determine antibiotic 3D localization with a
nanometric precision (10-nm in lateral and 15-20
nm in axial).** For this experiment, the antibiotic
was fluorescently labelled by means of a 10-12 hm
antibodies-based construction (shown in Fig. 3A
and detailed in Materials and Methods section).
Inside the cell wall, antibiotic localization would
expectedly be random, and hence distribute over
the ~ 40 nm thickness. In contrast, antibiotic
molecules inserted into the membrane would be
expected to localize at ~ 30 nm from the coverslip

A B

Indirect labelling

Vancomycin stopped
in the cell wall

~10-12 nm

D z

¥

P 40nmI '/\ g

surface — considering the 10-12 nm fluorescent
labeling together with the cell wall thickness (Fig.
3B). It should be noted that the antibodies-based
labelling construction is on the cyclic decapeptide
core of daptomycin, such that the lipid tail is kept
free to interact with the lipid bilayer. Data
processing of DONALD acquisitions (see details
in Material and Methods section), allowed to
determine the mean height of the fluorophores
from the coverslip surface (z) and represented it as
a function of the bacterium fluorophore radial
position (p) (Fig. 3D). These results showed that
the labelled daptomycin was localized around
33nm (between 28 and 38 nm) above the
substratum. Considering the length of the
antibodies-based  construction  linked  to
daptomycin (10-12 nm) and their random orienta-

Daptomycin reaches
the membrane

z

Coverslip

300 nm

0nm

Axial position (nm)

Coverslip

140
110

50 100 150

Lateral position (nm)

200

Vancomycin —e— Daptomycin

Fig. 3. Daptomycin reaches the cytoplasmic membrane of stationary phase cells. (A) Antibodies-based
construction used to label daptomycin: in green daptomycin, in yellow the BODIPY-FL grafted on the cyclic
decapeptide core of daptomycin, in grey the anti-BODIPY-FL rabbit antibody and in red the AF647-fragment of
goat antibody. (B) The two cases considered here: either localization within the cell wall (vancomycin) or at the
cell membrane (daptomycin). (C) A typical 3D DONALD image acquired for stationary phase cells. The color
scale bar represents the z position in nanometers and the white horizontal scale bar represents 500 nm. (D)
Daptomycin (red) and vancomycin (green) localization curves representing the axial positions of the fluorescently-
labelled antibiotics as a function of their lateral positions. Error bars represent + twice the standard deviation of
the fluorescent probes distribution. It must be noted that TIRF depth detection (~300 nm) limits observations to
the bottom side of each bacterium deposited on the substratum.
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tion, the results obtained indicate that the
antibiotic itself is localized ~ 40 nm above the
coverslip, corresponding to a membrane
localization (Fig. 3B and D).

As a control, we performed the same experiments
in the same conditions with vancomycin, a cell-
wall targeting antibiotic that was labelled with the
same antibodies-based construction. In this last
case, the labelled vancomycin was found to be
localized between 0 and 40 nm (20 £ 22 nm) above
the coverslip (Fig. 3D), characterizing a random
localization of vancomycin within the bacterial
cell wall.

These results confirm that daptomycin effectively
reaches the cell membrane in stationary phase
cells.

Daptomycin induces lower membrane damage

in stationary phase and biofilm staphylococci

than in growing cells. Pore-forming ability of

daptomycin was evaluated using propidium iodide

(PI). Due to the large-size of this cationic
10 min

Stationary Exponential

Biofilms

fluorescent dye, Pl is excluded from cells with
intact cytoplasmic membranes but can penetrate
damaged-membrane bacteria if pores of sufficient
size are created. Pl was able to penetrate the high
amounts of exponentially-growing cells just 10
min after daptomycin treatment (~ 40%). By
contrast, only few cells were Pl-positive (~ 5%) in
stationary phase and biofilms, revealing
significantly lower membrane damage (Fig. 4).
Pore formation was also controlled 3h after
daptomycin treatment: exponentially-growing
cells were all Pl-positive (100%), whereas
stationary phase and biofilms cells were
predominantly negative (~ 5-10%).

Daptomycin-triggered release of potassium
ions is lower in stationary phase and biofilm
staphylococci than in  growing cells.
Daptomycin-induced release of potassium ions
was evaluated using the membrane-impermeant
K* fluorescent probe APG-2 (Fig. 5). Within
1 min after daptomycin addition to exponentially-

Ty T

Fig. 4. Pore-forming ability of daptomycin: significant membrane damage only occurs within exponentially-
growing cells. Transmission images show all the bacterial cells in the field of observation and corresponding
fluorescence images show the bacterial cell membrane damage highlighted by PI labelling after 10 min and 3 h of
treatment with daptomycin. Note that while biofilm cell density is very high the proportion of Pl-labelled cells is

minor.
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growing bacteria the fluorescence signal increased
from a baseline of 200 a.u. to 700 a.u., revealing a
rapid release of K* ions into the surrounding
medium. By contrast, the fluorescence intensity
measured within stationary phase cells was
comparable before and after antibiotic injection.
For biofilms, a slight increase was observed after
daptomycin addition before reaching a plateau
within 1 min (400 a.u.). Three hours after
daptomycin incubation within bacterial cells in
presence of APG-2, extracellular fluorescence
intensity continued to increase for exponentially-
growing cells while it remained stable for
stationary phase and biofilm bacteria.

Membrane fatty-acid composition is a
determinant of daptomycin efficacy. We
considered that membrane modifications, in
particular those affecting membranes fluidity/
rigidity, could impact daptomycin activity. We
thus investigated S. aureus fatty acid composition
as a determinant of membrane fluidity on all
strains (MSSA 176, 27217 and MRSA 33591,
BCBS8) (Fig. 1) and during different growth phases
(Fig. S4). The data were compiled together with
daptomycin-sensitivity results (Table 1 and Fig 6)
using variance analyses, to determine whether
daptomycin activity correlated with the ratios of
fatty acids constituting bacterial membranes.
Significantly, poor daptomycin activity correlated
with higher percentages of saturated fatty acids
(SFA) and iso form fatty acids, with a concomitant
overall decrease in anteiso species (P < 0.05)
(Table 1). These results suggest that high
percentages of SFA and iso fatty acid forms may
be a determining factor in poor efficiency of
daptomycin against S. aureus, leading us to
suggest that daptomycin action may depend upon
bacterial membrane composition.

Afterward, we correlated more precisely the strain
susceptibility towards daptomycin (regardless the
growth phase) to S. aureus membrane fatty acid
content (Fig. 7). Variance analysis showed that
more resistant strains (i.e., the tested MSSA
isolates) had more SFA-rich membranes whereas
more sensitive strains (MRSA isolates) had higher
anteiso BFA contents (P < 0.05).

To further confirm the impact of bacterial
membrane rigidity on daptomycin inactivity, we
manipulated the membrane fatty acid content by
adding different exogenous fatty acids. Stearic
acid (C18) is a long-chain SFA that rigidifies
membranes, while oleic acid (C18:1) is a long-
chain unsaturated fatty acid that fluidifies
membranes.®>?  Bacterial growth  was
simultaneously determined in the presence of
either C18 or C18:1 without daptomycin to check
that no fatty acid-induced toxicity occurred in the
test conditions (Fig. S2 and S3). While C18
incorporation led to a decreased or equal activity
of daptomycin in all growth phases, C18:1
incorporation led to a significant increase in
daptomycin sensitivity (Fig. 8A). Indeed, a 4.3
log reduction in bacterial survival was measured
at 6 h in exponentially-growing cells (a 100-fold
increase in sensitivity compared to a non-
supplemented culture, Fig. 8A). Interestingly,
while stationary phase cultures were totally
insensitive to daptomycin in TSBpc (Fig. 8A),
C18:1 addition led to a 2500-fold reduction in
bacterial counts after 6 h of treatment. Biofilm
bacteria were also sensitized to daptomycin by
C18:1 addition but to a lesser extent (~10-fold
reduction, Fig. 8A). Fatty-acid profiles determined
800 -
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Fig. 5. Potassium ions release after daptomycin
injection. Bacteria were incubated 10 min with APG-2
(a membrane-impermeant K+ ions marker) to check the
fluorescence intensity signal. to corresponds to
daptomycin injection (indicated with the black arrow).
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% of each fatty acid when

Fatty acid Daptomycin is Daptomycinis  Statistically significant
active # inactive # difference

Saturated Fatty acids 46 52 *

Iso Branched-chain Fatty Acids 21 20 *

Anteiso Branched-chain Fatty Acids 33 28 *

This table represents the ratios of each type of fatty acid present in the membrane when daptomycin is either active or inactive.
The results shown here consider all the data obtained, independently on the strain and the phase of growth.

* represents a statistically significant difference between fatty acids percentages whether daptomycin is active or not (P < 0.05)
# In order to classify the different experiments according to daptomycin susceptibility, we considered that daptomycin was
active when the log reduction in bacterial counts was positive (a decrease in bacterial populations) and a contrario that
daptomycin was inactive when the log reduction in bacterial counts was negative or zero (an increase in bacterial counts).

%FA /total area
5 10 15 20 25 30

C15 anteiso
C16 anteiso
C17 anteiso
C18 anteiso
C19 anteiso
Cl4iso
Ci15iso
Ci16iso
Ci17iso
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Daptomycin is active ~ ® Daptomycin is inactive

Fig. 6. Daptomycin inactivity is correlated with higher ratios of SFA and iso BFA and lower ratios of anteiso
BFA. This figure represents the ratio of each fatty acid present in the membrane when daptomycin is either active
(a reduction in bacterial counts > 0) or inactive (a reduction in bacterial counts > 0)

* represents a statistically significant difference between fatty acids percentages whether daptomycin is active or
not (P < 0.05)

for C18:1-supplemented bacterial cultures (Fig.
8B) demonstrated that stationary phase cells
incorporated oleic acid to reach 43% of the whole
bacterial membranes contents while biofilms cells
only incorporated 4%. This latter result is in good
agreement with the lower enhancement of
daptomycin sensitivity in biofilms by contrast
with stationary phase cells (Figure 8A).

Discussion

Daptomycin is a last-resort antibiotic used to treat
infections due to multi-antibiotic-resistant

bacteria.®> However, daptomycin efficacy in S.
aureus is diminished in stationary phase and
biofilm cells.?>* The physical basis for
conditional S. aureus daptomycin-resistance has
remained an unsolved question. Our main findings
identify the step at which daptomycin activity
fails, and provide a means of restoring its efficacy.

Previous studies suggested that daptomycin
resistance of stationary and biofilm cells was due
to poor access to its membrane target and
consequent lack of bioavailability.®% Our results
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disprove this hypothesis: first, daptomycin
diffuses throughout the biofilm structure and
interacts with bacteria.?® Second, daptomycin was
shown here to interact with the cell membrane of
tolerant stationary phase cells and biofilms. Thus,
limited antibiotic access does not explain
daptomycin resistance in these cell states. To our
knowledge, this is the first report in which an
antibiotic is localized with such precision in live
S. aureus cells. Previous studies of antibiotic
localization were performed on larger targets, e.qg.,
Bacillus subtilis or giant unilamellar vesicles.3"-3

Antimicrobial activity of daptomycin is attributed
to its aggregation in the membrane; this leads to
pore formation and subsequent potassium ion
release, as was shown in exponentially growing
cells.® Our results reveal that pore formation fails
to occur in stationary and biofilm daptomycin-
resistant cells, which did not undergo membrane
damage or potassium ion leakage. Taken together,
our results reveal that daptomycin reaches its
membrane target in stationary and biofilm cells,
and that oligomerization for pore formation is the
crucial missing step.

Stationary and biofilm S. aureus cell membranes
have previously shown to be more rigid than
exponentially-growing cells,® leading us to

hypothesize that membrane fluidity could be a
determining factor for whether daptomycin could
form membrane-permeabilizing pores.
Unsaturated fatty acids generate Kkinks that
generate  greater  fluidity of membrane
phospholipids.® Adding free exogenous fatty acids
is an effective means of altering membrane
composition, such that membrane fluidity can be
manipulated.?>284041 Remarkably, we found that
unsaturated fatty acid supplementation greatly
increased daptomycin sensitivity of S. aureus
regardless of its growth state. The restoration of
daptomycin sensitivity correlated with the
efficiency of oleic acid incorporation, which
varied with the bacterial growth state.”® These
results lead us to suggest that membrane fluidity is
a crucial determinant of daptomycin activity.

The above findings indicate that daptomycin pore
formation is facilitated in fluid membranes, as
obtained by oleic acid addition (Fig. 8). We
suggest that enhanced membrane fluidity due to
oleic acid incorporation in phospholipids gives
more space for daptomycin oligomerization, as
suggested by enhanced cell death. Additional
effects of oleic acid might also be considered in
view of a recent study showing that daptomycin
efficacy is attenuated in S. aureus agr mutants.*?

100
90 * Kk
20 27 28 Slor=r 37*
(58]
% 70
= 60
S 50
< 40 %anteiso BFA
$ 30 .
S m %iso BFA
20
10 m %SFA
0 T T T .
MSSA 176 MSSA ATCC 27217 MRSA BCB8 MRSA ATCC 33591
Susceptibility of the strain

Fig. 7. Correlation between the fatty acid percentages and the susceptibility of the strain. The results shown
here consider the four strains susceptibility independently on the phase of growth. In each bar are represented the

percentage values for each type of fatty acid.

* SFA and iso BFA percentages were statistically different between the four strains (P < 0.05)
** anteiso BFA percentages were statistically not different between the two strains (P < 0.05)
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Fig. 8. Incorporation of oleic acid (C18:1) into S. aureus bacterial membranes increases daptomycin
sensitivity while the incorporation of stearic acid (C18) decreases the antibiotic activity. (A) represents the
number of log reduction in bacterial counts after 6h of daptomycin treatment compared with the initial bacterial
concentration. TSBpc is the medium used to grow S. aureus cells without fatty acids, TSBpc+C18 corresponds to
the stearic acid-supplemented medium and TSBpc+C18:1 corresponds to the oleic acid-supplemented medium.
Error bars represent the standard deviation. (B) represents the fatty acids composition of bacterial membranes
when the growth medium is supplemented with oleic acid.

Authors showed that an S. aureus agr mutant
forms vesicles that are shed from membranes,
which sequester daptomycin to lower its effective
concentration.*? Interestingly,  oleic  acid
reportedly stimulates agr gene transcription.*® It is
therefore tempting to speculate that blebbing
would not occur when agr expression is high, thus
leaving cells daptomycin-sensitive.  This
provocative hypothesis remains to be tested.

Interestingly, fatty acid supplementation led to an
opposite effect in a recent study on Enterococcus
faecalis, i.e., these bacteria become more
daptomycin-resistant in the presence of exogenous
fatty acids or lipid containing fluids, including
bile. Those effects did not correlate with
membrane fluidity.*! These results suggest that

species-specific differences might account for
different responses. Alternatively, co-treatment
with fatty acids and daptomycin could lead to
titration of the antibiotic into micelles. In the
present study, daptomycin was added to fatty-
acid-loaded, but washed cells, which might
account for the observed differences.

In summary, results of this study show that
daptomycin reaches its membrane target in S.
aureus regardless of growth state, and that the key
parameter for daptomycin sensitivity versus
tolerance is likely to depend on its capacity to form
pores, as a function of membrane composition.
Staphylococcal sensitivity to daptomycin can be
manipulated, which could open the way to novel
strategies of antibiotic treatment, such as its
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encapsulation within fatty acids ** or the use of bi-
therapies including daptomycin and membrane-
fluidizing agents.

Materials and methods.

Bacterial strains. Four S. aureus strains were
tested in the present study: two were collection
strains (methicillin-susceptible S. aureus [MSSA]
ATCC 27217 and methicillin-resistant S. aureus
[MRSA] ATCC 33591), and two others were
isolated from patients with S. aureus bloodstream
infections (MSSA 176 and MRSA BCBS8). All
strains were kept at -80°C in tryptic soy broth
(TSB) (BioMérieux, France) containing 20%
(vol/vol) glycerol. The frozen cells were sub-
cultured once in TSB (overnight culture) to
constitute the stock cultures from which aliquots
were kept at -20°C. Bacterial growth and
experiments were both conducted at 37°C.

Antibiotic and culture medium. Daptomycin
was purchased from Sigma (France) and the
fluorescently labelled antibiotic BODIPY-FL-
labelled daptomycin (BODIPY-FL-daptomycin)
(BODIPY-FL is fluorescently labelled boron-
dipyrromethene) was kindly provided by Cubist
Pharmaceuticals (MA, USA). According to the
manufacturer’s instructions, the stock solutions
were prepared by diluting daptomycin and
BODIPY-FL-daptomycin in dimethyl sulfoxide (1
mg/ml), which was then kept at -20°C. Before the
solutions were used, they were diluted in TSB
enriched with proteins (bovine serum albumin
[BSA], 36 g¢/L; Sigma, France) and calcium
(CaCl,-2H,0, 50 mg/L; Sigma, France) to mimic
in vivo physiological levels. It has been
determined that, under these conditions, the final
concentration of dimethyl sulfoxide was
noncytotoxic for the bacteria. A clinically
meaningful concentration was used in this study:
20 pg/ml for daptomycin.

When indicated, an exogenous fatty acid was
added to the culture medium: either stearic acid
(C18, +99%puriss, Larodan, a saturated fatty acid)
or oleic acid (C18:1cis9, +99% puriss, Larodan, a
monounsaturated fatty acid). 100-mM stocks

solutions of exogenous fatty acids were prepared
in dimethylsulfoxide (final concentrations of
DMSO did not induce bacterial toxicity). Final
concentrations of fatty acids were 0.25 mM in the
growth medium.

Determination of daptomycin activity against
S. aureus. Daptomycin activity was assessed
against the four S. aureus strains in exponential
phase of growth, stationary phase and 24 h
biofilms.

(i) Planktonic cells. After two subcultures in TSB
(one 8-h culture followed by an overnight culture),
stationary phase cells were harvested directly
using the overnight culture while exponentially-
growing cells were obtained with a third
subculture in TSB enriched with proteins and
calcium (TSBpc) with shaking at 100 rpm during
3 h. Bacterial suspensions were washed twice in
sterile NaCl (150 mM) and resuspended in TSBpc.
Optical density was measured at 600 nm to control
the initial bacterial concentration. The bacterial
solution was then divided equitably into cell
culture flasks where daptomycin solution was
added. Bacterial growth was also controlled with
a sample without daptomycin that corresponds to
the control experiment. Viable culturable bacteria
were then counted at regular interval times: 0 h
(when antibiotics were added), 3, 6 and 24 h after
antibiotics injection. For each time, 1.5 mL of
bacterial culture was collected and centrifuged 10
min at 7000g in order to eliminate the excess of
antibiotic. The bacterial pellet was dispersed in 1.5
mL sterile NaCl 150 mM, centrifuged again and
dispersed in the same conditions. Successive
decimal dilutions were then realized. For each
dilution, six drops (10 pL) were deposited on
Tryptic Soy Agar (TSA) plates (Biomérieux,
France), incubated at 37°C during 24 h. CFUs
were counted and averaged for each dilution at
each time. The detection limit of viable culturable
cells was here 100 CFU/mL.

(ii) Biofilms. For the preparation of S. aureus
biofilms, 250 pL of an overnight subculture were
added to 96-well microplates (uClear; Greiner
Bio-One, France). After a 1.5-h adhesion period at
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37°C, the wells were rinsed with a NaCl solution
(150 mM) to eliminate non-adherent cells, refilled
with sterile TSBpc and then incubated for 24 h at
37°C to allow biofilm growth. To assess
daptomycin activity, the 24 h-biofilms were rinsed
with a sterile NaCl solution (150 mM) before
adding daptomycin solution diluted in TSBpc as
described previously. Viable culturable bacteria
were then enumerated by serial dilutions and
plating on tryptic soy agar (TSA) plates at regular
interval times: 0 h (when daptomycin was added),
3, 6 and 24 h after the antibiotic injection. For each
time, bacterial cultures were centrifuged twice,
decimal dilutions were realized and CFUs were
counted as for planktonic bacteria.

Antibiotic diffusion and bioavailability inside
biofilms using FRAP experiments. Image-based
fluorescence recovery after photobleaching
(FRAP) measurements were performed on MSSA
ATCC 27217 planktonic cells. Bacterial cultures
were either grown to exponential phase of growth
or stationary phase as described previously. Then,
250 pL of these cultures were deposited 5 min on
96-well polystyrene microtiter plates prior to
observations. All the time-resolved measurements
were obtained using a Leica TCS SP5 confocal
laser scanning microscope (Leica Microsystems,
France) implemented at the Centre de Photonique
Biomédicale (CPBM) (Orsay, France). The
microscope is equipped with a 63x high numerical
aperture (1.4) oil immersion objective and coupled
with continuous lasers. BODIPY-FL-daptomycin
was excited at 488 nm and fluorescence emission
was recorded between 500 and 600 nm. As
described previously in 24 FRAP experiments
were conducted as follows. BODIPY-FL-
daptomycin molecules were excited with a very
intense light source in a user-defined region (a
bacterium in our case) to irreversibly photobleach
their fluorescence. Fluorescence recovery is then
probed over time at a low light power in the same
photobleached region. The time course of
fluorescence intensity recovery was analyzed with
mathematical models, giving us the quantitative
mobility of the fluorescent molecules and
allowing us to determine the diffusion

coefficients. For all FRAP experiments, the
fluorescence intensity image size was fixed to 512
by 128 pixels with an 80-nm pixel size and
recorded using a 16-bit resolution. The line scan
rate was fixed at 1 400 Hz, corresponding to a total
time between frames of 265 ms. The full widths at
half maximum in xy and z (along the optical axis)
of the bleached profile were 0.8 pum and 14 pm,
respectively, allowing us to neglect diffusion
along the axial/vertical axis and thus to consider
only two-dimensional diffusion. Each FRAP
experiment started with the acquisition of 50
images at 7% of laser maximum intensity (7 W)
followed by a 200-ms single bleached spot at
100% laser intensity. A series of 450 single-
section images was then collected with the laser
power attenuated to its initial value (7% of the
bleach intensity). The first image was recorded
365 ms after the beginning of bleaching.

DONALD. This technique, described in detail in
3 relies on the localization of individual
fluorescent molecules and requires them to be
fluorescent only a fraction of time so that they can
be localized separately. To achieve this temporal
separation, a reversible blinking (i.e. oscillation
between bright and dark states) of the fluorescent
molecules is induced by the addition of chemicals
in the imaging buffer to influence their
photophysical  properties. One limitation,
however, is that the mechanisms responsible for
this chemically-induced blinking has only been
identified for a few dyes “6. Among them, Alexa
Fluor (AF) 647 together with its imaging buffer
(an enzymatic oxygen scavenging system to
prevent from photobleaching) have widely been
used to perform dSTORM imaging 48, Thus, to
allow the antibiotic localization in our
experiments, we designed a specific fluorescent
labelling construction in order to detect AF647
fluorescence.

(i) Daptomycin labelling and buffer. The
labelling consisted in grafting a primary rabbit
antibody (8nm) that specifically targets BODIPY -
FL and quenches its fluorescence. Then, a
secondary goat anti-rabbit antibody fragment (5
nm) labelled with AF647 was used to target the
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rabbit antibody. The advantage of using such
antibodies-based labelling is their rigid structure
that allows to ascertain a precise size and
orientation of the whole structure . The
fluorophore detected and imaged here was then
Alexa Fluor 647 which was excited at 637 nm. To
select the fluorescence emission of this latter dye
only, a quad band 446-523-600-677 (Semrock)
filter was used. Acquisitions were performed
using a thiol-based buffer (ASTORM super
resolution buffer Smart Kit, Abbelight). We
ensured that bacteria stayed alive during the time
of acquisition by using PI to label damaged-
membrane cells.

(ii) Localization, data processing and statistical
analysis. Using a Total Internal Reflection
Fluorescence (TIRF) excitation to reduce
background noise, most of the fluorophores were
induced in a dark state until a sufficient density
was obtained (typically 1 molecule per bacterium
per frame). Images were acquired with 50 ms
exposure time and 150 Electron-Multiplying
Charged Coupled Device (EMCCD) gain. The
frames were then processed using a home-written
Python code detecting the lateral position and the
absolute depth of each spot. This detection relies
on the Direct Optical Nanoscopy with Axially
Localized Detection (DONALD) technique,
which couples both Single Molecule Localization
Microscopy (SMLM) and Supercritical Angle
Fluorescence (SAF) using a Nikon Eclipse Ti-E
microscope 4. SAF detection is based on the
comparison of the far-field emission and the part
of the near-field emission that is coupled into
propagative waves at the sample/glass coverslip
interface due to the refractive index mismatch.
Since the near-field amplitude decays
exponentially before it reaches the interface, an
intensity measurement yields the absolute axial
positions (z) of the fluorophores.

In order to determine the position of the antibiotic
in bacteria, the data were processed as follows.
First, the center (x,,y,) of each bacterium was
measured. Then the lateral position p of each
fluorophore (x,y,z) was calculated: p =

J(x — x0)2 + (¥ — yo)% The localization results
were pooled over approximately 80 bacteria for a
total amount of 60 000 localizations. The results
were then integrated radially and divided in p
slices of 10 nm width, and the mean depth < z >
of each p slice was displayed alongside with its
uncertainty (+ 2 standard deviation). The value p
= 0 corresponds to the contact point between the
bacterium and the coverslip, and gives the position
of the fluorophore in the 40 nm thick cell wall. The
advantage of measuring fluorophores heights at
the contact point with the coverslip is that no
assumption on the size (i.e., the radius) or the
shape (whether they flatten out near the contact
point or not) of bacteria is required. It is worth
noting that this does not immediately yield the
position of the antibiotic since the labelling
process creates an antibody structure in which the
fluorophore is 10-12 nm away from the antibiotic,
which was taken into account in the analysis of our
results.

Pore formation and potassium ions release
assays. Exponentially-growing and stationary
phase MSSA ATCC 27217 bacteria (250 pL
portions of each), -cultured as described
previously, were deposited in 96-well microtiter
plates 5 min before observation to allow
sedimentation and further microscopy
observations. 24-h biofilms, grown as described
previously, were rinsed with sterile NaCl (150
mM) and refilled with TSBpc, Fluorescence
imaging was then performed using the same
confocal microscope.

(i) Pore formation. After daptomycin was added
in each well to a final concentration of 20 pg/mL,
30-uM propidium iodide (PI, Sigma) was added to
observe pore formation within cytoplasmic
membranes. The fluorescent dye was excited at
543 nm and fluorescence emission was collected
between 640 and 750 nm. Transmission and
fluorescence images were acquired 10 min and 3
h after daptomycin injection in the same wells.

(ii) Potassium ions release by bacterial cells. To
measure daptomycin-induced potassium ions
release by bacterial cells, Asante Potassium Green

124



RESULTATS

Chapitre 5 : L’imagerie optique a résolution micro-nanométrique et les méthodes de (bio)chimie
permettent d’identifier ['un des facteurs responsables de I’echec de la daptomycine

(APG-2 TMA+ salt, Abcam), a membrane-
impermeant dye that fluoresces upon extracellular
K+ ions chelation was used. The dye was excited
at 488 nm and its fluorescence emission was
recorded between 500 and 600 nm. After addition
of APG-2 to a final concentration of 2 uM in each
bacterial sample, the fluorescence intensity was
first controlled without antibiotic over 5 min.
Fluorescence intensity images were then recorded
each second during 100 s to observe the
fluorescence intensity evolution over time.
Daptomycin was injected ~5 s after the beginning
of the acquisition.

Membrane fatty acid analysis. Bacteria were
grown to exponential or stationary growth phases
and biofilms as described previously. Planktonic
suspensions were washed twice in sterile NaCl
(150 mM) or 0.1% triton X-100 when exogenous
fatty acids were added in the medium. Entire
biofilms were rinsed twice in-situ with 150 mM
NaCl or triton before analysis. Extraction and
methylation of fatty acids were carried out directly
on bacterial pellets or entire biofilms as described
in 2°. Briefly, fatty acids of bacterial pellets or
scratched biofilm cells were directly saponified
and esterified by methanolic NaOH and
methanolic HCI (1 mL NaOH 3.75 mol/l in 50%
v/v. methanol solution for 30 min at 100°C;
addition of 2 mL HCI 3.25 mol/l in 45% v/v
methanol solution for 10 min at 80°C). Fatty acid
methyl esters were extracted with a diethyl
ether/cyclohexane solution (1:1 v/v) and the
organic phase was washed with a dilute base
(NaOH 0.3 mol/l). Analytical gas chromatography
of fatty acid methyl esters was carried out on a
6890HP system (Agilent Technologies, Santa
Clara, CA, USA) equipped with a 0.25 pm BPX70
capillary column (25m, 0.22 mm i.d.) (SGE, Ring
Wood, Victoria, Australia) and a flame-ionization
detector. Column temperature was set at 100°C for
1 min and then increased to 170°C at the rate of
2°C/min. Data were acquired using a HPCORE
ChemStation system (Agilent Technologies, Santa
Clara, CA, USA) and expressed as a percentage of
the total area. Fatty acids were identified using
fatty acid methyl ester standards and grouped in

three classes: saturated fatty acids (SFA), iso
branched-chain fatty acids (BFA) and anteiso
BFA. Results are the average of at least six
profiles (two injections of three extractions from
independent cultures) for each condition.

Statistics. For daptomycin activity results and
fatty acid compositions of bacterial membranes,
analyses of variance (ANOVA) were performed
using Statgraphics software (Manugistic™,
Rockville, MD, USA). Evaluated factors were
considered as statistically significant when P-
values associated with the Fischer test were below
0.05.
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Fig. S1. Detailed time-Kkill studies of daptomycin against the four S. aureus strains in the three phases of growth.
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Fig. S4. Detailed membrane fatty acid composition for each S. aureus strain depending on the growth phase (exponential, stationary, 24-h biofilms).
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5.3. Résultats complémentaires

Adaptation du marquage de la daptomycine a la méthode DONALD (Direct Optical
Nanoscopy With Axially Localized Detection)

La méthode DONALD est une méthode optique a résolution nanoscopique qui repose sur la
localisation de molécules fluorescentes individuelles. Celles-ci doivent fluorescer pendant un
temps trés court (clignotement) afin d’étre localisées individuellement. Ce clignotement
réversible (oscillation entre les états fluorescents et sombres, dits « dark ») peut étre atteint de
différentes maniéres selon la méthode optique concernée. On distingue : le PALM (Photo-
activated Localization Microscopy) ou I’on utilise des molécules photoactivables telles que des
protéines fluorescentes ; le PAINT (Point Accumulation for Imaging in Nanoscale Topography)
méthode qui utilise des fluorophores qui se lient de maniére réversible a leur cible biologique
(molécule souvent non fluorescente en solution) ; et le dSSTORM (direct Stochastic Optical
Resolution Microscopy) ou 1’on utilise des fluorophores classiques mais mis en solution dans
un tampon chimique special qui permet aux molécules de «clignoter » entre des états
fluorescents et des états sombres. Une limitation repose, cependant, sur le fait que les
mécanismes responsables de I’induction de ce clignement chimique n'ont été identifiés que pour
quelques sondes fluorescentes. Parmi eux, 1’Alexa Fluor (AF) 647 ainsi que son tampon
d'imagerie (un systeme enzymatique permettant de quencher I’oxygéne pour empécher les
réactions chimiques avec Oz) ont largement été utiliseés pour effectuer de I'imagerie ASTORM.
L’inconvénient principal de ce tampon d’imagerie repose sur le fait qu’il est constitué, entre
autres, de thiols, souvent toxiques pour les bactéries et empéchant alors de garder les bactéries
vivantes.

Ainsi, pour effectuer les mesures dans des conditions physiologiques optimales pour les
bactéries, nous nous sommes affranchis de ce tampon en utilisant les antibiotiques marqués au
BODIPY-FL seulement conjointement avec un marqueur de la membrane bactérienne, le Nile
Red. Ce dernier est une sonde fluorescente qui se lie réversiblement a la membrane des
bactéries, capable de produire 1’état de clignotement recherché. Les images obtenues avec ce
marqueur sans antibiotiques ont été concluantes (Figure 7B). En revanche, concernant les
antibiotiques marqués au BODIPY-FL, les résultats se sont révélés beaucoup moins probants
car le clignotement était trés faible dans ce cas, ne permettant pas d’obtenir un signal de
fluorescence suffisant (Figure 7C). Ainsi, nous nous sommes orientés vers 1’optimisation d’un
marquage indirect a base d’anticorps (détaillé dans 1’article 7).

132



RESULTATS
Chapitre 5 : L’imagerie optique a résolution micro-nanométrique et les méthodes de (bio)chimie
permettent d’identifier ['un des facteurs responsables de I’échec de la daptomycine

-
i - 0 ' a © . \

Figure 7. (A) Image d’intensité de fluorescence des bactéries marquées au Nile Red obtenue a [’aide

d’un microscope a épifluorescence. (B) Image équivalente obtenue en utilisant la technique DONALD

(C) Image DONALD des bactéries marquées au Nile Red (rouge) et au BODIPY-FL-daptomycine

(cyan). Longueur d’onde d’excitation du Nile Red : 540 nm. Longueur d’onde d’excitation du BODIPY-

FL-daptomycine : 488 nm.
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L’implication et I’'importance des biofilms dans les environnements naturels, industriels et
médicaux sont aujourd’hui largement démontrées par la communauté scientifique. En médecine
humaine plus particulierement, la prévalence des infections associées aux biofilms attire
considérablement I’attention du fait de 1’inefficacité des traitements thérapeutiques. Dans ce
contexte, la compréhension des mécanismes impliqués notamment dans 1’échec de
I’antibiothérapie est devenue un challenge, aussi bien de la recherche médicale que de la
recherche fondamentale.

Derriere cet échec, on distingue deux phénomenes distincts : la résistance et la tolérance
aux antibiotiques. La résistance implique des mutations génétiques des micro-organismes leur
permettant d’inhiber I’action des antibiotiques par de multiples mécanismes (modification de
la cible attaquée, destruction ou modification de I’antibiotique, efflux ou altération de la
perméabilité a I’antibiotique, ...) et donc de se multiplier en présence d’un biocide.?%?!! La
tolérance, quant a elle, est une des caractéristiques les plus remarquables du biofilm, qualifiée
de réversible, phénotypique et non héritée.**8* Ainsi, les biofilms bactériens survivent a des
doses d’antibiotiques jusqu’a 1000 fois supérieures a la concentration minimale inhibitrice
nécessaire pour éradiquer les mémes bactéries planctoniques.?*? Génétiquement identiques aux
bactéries en suspension sensibles, les bactéries tolérantes ont adopté un état physiologique
spécifique qui leur permet de contrer I’activité des antibiotiques.'*

C’est dans ce contexte que s’inscrit ce travail de thése dans lequel nous avons tenté
d’apporter des éléments de compréhension a la tolérance aux antibiotiques des biofilms de S.
aureus. Le but final est, a plus long terme, de proposer des améliorations de 1’utilisation des
thérapies actuelles et/ou des alternatives a 1’antibiothérapie.

L’approche choisie pour initier cette recherche s’est fondée sur un modele original
d’infections a biofilm de S. aureus sur prothése vasculaire implantable chez la souris, qui nous
a servi a optimiser un modele de biofilms in vitro, compatible avec une étude utilisant I’imagerie
optique a résolution micro-nanométrique.

Apport du modéle animal dans I’évaluation de protocoles thérapeutiques.

Malgré une fréquence non négligeable et une gravité certaine, les infections de prothéses
vasculaires manquent souvent d’une prise en charge médicale adaptée, faute de connaissances
sur la nature des biofilms formés in vivo et sur leur sensibilité aux antibiotiques. Dans ce
domaine, nous avons apporté des données nouvelles grace a 1’utilisation d’un modele d’implant
vasculaire chez la souris, infecté par S. aureus et traité par différents antibiotiques.

Plusieurs études de la littérature rapportent 1’action d’antibiotiques sur des biofilms en
présence de cellules immunitaires, mais uniquement a travers des modeles de cocultures in
vitro.?321% Notre apport a été d’accéder a ces données par analyse du matériel vasculaire
explanté.

En utilisant des concentrations d’antibiotiques compatibles avec un traitement clinique,
nous avons pu mettre en évidence qu’en aucun cas une éradication totale des biofilms n’était
observée et ce, malgré une faible épaisseur des biostructures formées in vivo. Par ailleurs, grace
a un polymarquage fluorescent adapté aux cellules immunitaires, aux bactéries et aux
antibiotiques, il a été possible d’identifier (i) la présence des macrophages et des polynucléaires
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sur le site de I’infection, (ii) que ces cellules étaient le « refuge » de bactéries de S. aureus
vivantes et (iii) que les antibiotiques ne pénétraient pas a ’intérieur des macrophages. Ces
résultats, dans leur ensemble, n’avaient jamais été mis en évidence par imagerie de fluorescence
in situ et peuvent étre corrélés avec 1’(in)efficacité des antibiotiques : moins le traitement est
efficace, plus la quantité de bactéries intracellulaires est importante. Il apparait donc que les
cellules immunitaires constituent un « réservoir » de bactéries pathogénes pouvant étre a
I’origine de (i) I’efficacité limitée des traitements antibiotiques et (ii) la résurgence des
infections chroniques.

On pourrait objecter que notre modeéle animal présente une faiblesse du fait du lieu
d’implantation de la prothése vasculaire. Plut6t qu’en sous-cutané au niveau dorsal, il eut été
préférable d’implanter la prothése directement sur le réseau vasculaire de 1’animal, qui aurait
pu impacter differemment la structure du biofilm et I’action du systéme immunitaire.
Cependant, une telle procédure s’est révélée complexe du fait de difficultés chirurgicales. Il
faut aussi considérer que les systemes immunitaires humain et murin ne sont pas complétement
superposables.

Au regard de ces résultats, il serait intéressant de poursuivre ce travail par un suivi de
I’évolution de I’infection directement chez la souris (sans explantation du matériel) et donc en
présence des fluides biologiques. On citera en particulier les dispositifs de chambre dorsale et
le marquage des microorganismes (bioluminescence, telles que décrites au Chapitre 2 —
paragraphe 3.2.) qui permettent de suivre par imagerie optique 1’évolution de I’infection et
I’action des antibiotiques sur des temps longs (jusqu’a un mois).

Inefficacité d’antibiotiques au sein des biofilms de S. aureus: réle de la matrice
extracellulaire vs de la physiologie des bacteéries.

Parmi les facteurs évoqués dans la littérature pour expliquer ’efficacité limitée des
antibiotiques au sein des biofilms, la matrice extracellulaire sécrétée par les bactéries est
souvent indiquée comme un frein & la diffusion des molécules antibiotiques, permettant une
adaptation progressive de la physiologie des bactéries.?!® Cette hypothése a pu étre vérifiée dans
le cas de I’action de la tobramycine dans les biofilms de Pseudomonas aeruginosa par
exemple.?!® Au contraire, d’autres études 188217220 gt celles réalisées dans le cadre de cette thése
affirment que les antibiotiques diffusent et sont biodisponibles au sein de biofilms de S. aureus.
Le seul exemple ou la matrice d’exopolymeres joue un rdle de rétention est I’association de la
vancomycine a la rifampicine. Nos travaux ont permis de montrer la formation d’un complexe
entre ces deux antibiotiques en solution. Sa dissociation au niveau des bactéries, permettant a
chacune des molécules d’atteindre sa cible biologique (le peptidoglycane et I’ARN), est
cependant moins efficace au sein des biofilms. Une explication peut provenir de la composition
de la matrice exopolymerique chez S. aureus, qui contient des N-acetylglucosamine (NAG) en
concentrations elevées, pour lesquels la vancomycine a une grande affinité. De ce fait, une
fraction du complexe vancomycine-rifampicine est retenue dans la matrice du biofilm et réduit
I’activité des antibiotiques.

A I’exception de ce cas particulier, la présence de la matrice d’exopolymeéres ne peut seule
expliquer I’inefficacité des antibiotiques mesurée dans nos modeles d’études. C’est sans aucun
doute la physiologie des bactéries dans les biofilms qui joue un réle fondamental. En effet, la
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majeure partie des bactéries du biofilm ne sont pas en division active mais ont, au contraire, un
métabolisme ralenti. Comme déja mentionné au Chapitre 4, cet état physiologique des bactéries
permet d’expliquer I’inefficacité de la vancomycine.

Le mode d’action de la daptomycine laissait supposer une activité quel que soit 1’¢état
physiologique des bactéries. C’était sans compter sur la composition en acides gras des
membranes cellulaires, reflet de la fluidité membranaire et qui differe selon 1’état physiologique
des bactéries de S. aureus.*®! Nos travaux montrent pour la premiére fois une corrélation directe
entre la composition en acides gras des membranes des bactéries en biofilms et la perte
d’activité de la daptomycine. Ces reésultats méritent d’étre consolidés en testant un plus large
panel d’acides gras (acide palmitoléique, acide linoléique, acide y-linolénique par exemple)
mais ouvrent cependant des pistes pour I’amélioration de cette antibiothérapie. En effet, une
perspective qui apparait prometteuse consisterait & moduler la fluidité membranaire des
bactéries. Comment ? En agissant sur le milieu environnant du site d’infection. Si on se
rapproche de notre modele in vivo d’infection sur implant chez la souris, on pourrait envisager
d’injecter localement au niveau de I’'implant des acides gras ou de préconditionner la zone
infectée. Une autre approche intéressante serait de modifier I’alimentation de 1’animal en
I’enrichissant en acides gras insaturés et de mesurer son impact sur ’efficacit¢ de la
daptomycine. Auparavant, il serait intéressant de tester de nouveaux nanovecteurs de la
daptomycine, constitués de liposomes a base d’acides gras. Ces entités ont été développées pour
permettre une meilleure délivrance d’antibiotique au sein d’infections ostéoarticulaires. Mais
ils pourraient aussi fluidifier la membrane des bactéries et rendre les cellules immunitaires
perméables & la pénétration des antibiotiques.?*

Cette démarche pour améliorer I’efficacité de la daptomycine pourrait étre mise en
perspective pour d’autres agents antibactériens tels que les désinfectants couramment utilisés
pour la décontamination des surfaces (composés d'ammonium quaternaires), ou les
antimicrobiens naturels (composés phénoliques d'origine végétale, bactériocines), dont la cible
majeure est la membrane cytoplasmique.

Les infections associées aux biofilms de S. aureus: comment contourner
I’antibiothérapie ?

Comme rapporté dans le premier chapitre de ce document, face a la difficulté d’éradiquer les
biofilms par antibiothérapie, il est important de continuer la recherche et le développement
concernant la maitrise des surfaces dans le but d’empécher I’adhésion bactérienne ou de faciliter
I’éradication des bactéries adhérées.

Dans le cadre de mes travaux de thése, j’ai pu contribuer a des projets de recherche dans
ce sens. L’équipe de Raphael Schneider, du Laboratoire de Réactions et Génie des Procédés de
Nancy, a developpé la synthése de quantum dots (QD) non toxiques ZCIS. Il s’agit de
nanoparticules dont le cceur est constitué de Cuivre, Indium et Soufre (CulnS>) et la coquille de
sulfure de zinc (ZnS). Ces QD ont été fonctionnalisées avec de 1’acide mercaptopropionique
(MPA, Figure 8A). Ainsi, sous irradiation solaire, ces nanoparticules sont capables de générer
des especes réactives de 1’oxygene, en majeure partie de 1’oxygene singulet. Nous avons pu
montrer que ces nanoparticules, appliquées sur une couche de bactéries de S. aureus adhérées,
empéchait la formation du biofilm (Figure 8B).
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Les propriétés phototoxiques de ces QD excluent leur utilisation in vivo mais pourraient
étre utilisés comme des décontaminants de surface non polluants et de faible colt de fabrication.

B Controle sans QDs En présence de QD

=0

t

t=12h

Figure 8. (A) Structure des QD ZCIS fonctionnalisées au MPA. (B) Images en transmission des
bactéries adhérées de S. aureus en présence ou non de QD et a lumiere ambiante. L 'échelle correspond
a 10 pum.

Dans une autre étude, menée en collaboration avec Pascal Thébault du Laboratoire
Polymeres, Biopolymeres, Surfaces de I’Université de Rouen, nous avons testé 1’efficacité d’un
peptide antimicrobien, la nisine, immobilisé de facon covalente sur des surfaces d’or
fonctionnalisées avec de 1’acide mercaptoundécanoique (MUA, Figure 9A). Les résultats
préliminaires obtenus permettent de démontrer une efficacité combinée anti-adhésive et toxique
vis-a-vis des bactéries de S. aureus (Figure 9B).
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Figure 9. (A) Substrats d’or fonctionnalisés avec de ['acide MUA et de la nisine (Nis). (B)
Quantification des bactéries de S. aureus adhérées aux substrats.

En conclusion, ce travail de these permet de démontrer 1’intérét d’une approche
transdisciplinaire (microbiologie, imagerie multimodale, physicochimie) pour appréhender une
problématique clinique, la tolérance aux antibiotiques. Nous avons contribué a une meilleure
compréhension des mécanismes responsables de I’inefficacité des antibiotiques vis-a-vis des
biofilms de S. aureus. Ces travaux ouvrent la voie a des perspectives d’amélioration et/ou
d’alternative a 1’antibiothérapie actuelle.
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