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RESUME

Les plaies chroniques sont un réel probleme de santé publique. L’'une des principales
complications est I'évolution fréquente vers linfection avec un risque sous-jacent
d'amputation. La difficulté de prise en charge repose notamment sur la présence d’un
biofilm polymicrobien au niveau du lit de la plaie. L'objectif de cette thése était de
promouvoir I'amélioration de I'état de I'art relatif a la compréhension de ce phénoméne
physiopathologique important mais €galement de développer de nouvelles approches
concernant le traitement thérapeutique des plaies chroniques pour réduire les risques
d'infections morbides. Ce travail de doctorat a permis: i) de parfaire les outils
diagnostiques de par la création d’'un nouveau modéle in vitro mimant 'environnement
dans lequel les bactéries évoluent au niveau des plaies chroniques ; ii) d’étudier le
comportement (virulence, fitness, génomique, morphologie, formation de biofilm
précoce, expression de génes clés pour la formation de biofilm) de souches de
références et de souches cliniques de Staphylococcus aureus (SA) et Pseudomonas
aeruginosa (PA). Ces souches, isolées au sein d’'une méme plaie, étaient exposées
de facon courte ou prolongée, a un milieu classigue ou mimant I'environnement
chronique d’une plaie. Les résultats ont montré qu’une exposition dans des conditions
environnementales stressantes réduisaient la virulence et le fitness des souches au
profit d'un comportement plus tourné vers la formation de biofilm ; iii) de démontrer
'impact de la présence de plusieurs bactéries au sein d’un environnement. Ce travail
a particulierement mis en évidence la baisse de pathogénicité et I'évolution de
I'expression de certains genes impliqués dans le biofilm de souche de SA en présence
de PA. Enfin ce travail s’est concentré sur iv) la mise au point d’'une technique de
formation de biofilm dynamique et d’imagerie confocale permettant la visualisation d’un
biofilm polymicrobien en trois dimensions et [I'évaluation de molécules
antimicrobiennes sur chaque espéce bactérienne composant le biofilm polymicrobien
aprés un débridement mécanique automatisé. La combinaison de notre nouveau
milieu « plaie chronique » et du systéme de formation en flux et visualisation en 3D du
biofilm polymicrobien représente des outils puissants pour améliorer la compréhension
des interactions régissant les biofilms mais aussi pour évaluer 'efficacité de molécules

candidates dans la prise en charge des plaies chroniques.

Mots clés : Plaies chroniques, infections, biofilms, coopération bactérienne
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ABSTRACT

Chronic wounds are a real public health problem. One of the main complications is the
recurrent progress towards infection with an underlying risk of amputation. The
difficulty of management lies in the presence of a polymicrobial biofilm at the wound
bed. The objective of this thesis was to promote the development of the state-of-the-
art of this important pathophysiology phenomenon of biofilm but also to promote new
approaches for therapeutic treatment of chronic wounds to reduce risk of morbid
infections. This doctoral work enabled: i) to perfect diagnostic tools by creating a new
in vitro model mimicking the environment in which bacteria evolve at the level of chronic
wounds; ii) to study behavior (virulence, fithess, genomics, morphology, early biofilm
formation, expression of key genes for biofilm formation) of reference strains and
clinical strains of Staphylococcus aureus (SA) and Pseudomonas aeruginosa (PA)
isolated on a patient wound, based on short or long-term exposure to a conventional
or a chronic wound like environment. The results showed that exposure under stressful
environmental conditions reduced the virulence and fithess of the strains in favor of a
biofilm-oriented behavior; iii) demonstrate the impact of multiple bacteria in an
environment. This work has particularly highlighted the decrease of the pathogenicity
and the evolution of the expression of some genes involved in the biofilm of SA strain
when in contact with PA strain. iv) the development of a dynamic biofilm formation and
confocal imaging technique allowing the visualization of a three-dimensional
polymicrobial biofilm and the evaluation of antimicrobial molecules on each bacterial
species composing the biofilm polymicrobial after an automatized mechanical
debridement. The combination of our new chronic wound-like medium and the
microfluidic biofilm formation and 3D visualization system of the polymicrobial biofilm
represents powerful tools to improve the understanding of the interactions governing
biofilms but also to evaluate the effectiveness of candidate molecules in chronic

wounds management.

Key words: Chronic wounds, infections, biofilms, bacterial cooperation
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PARTIE I.

GENERALITES

15
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1. Plaies chroniques

A. Définition

Une plaie est définie comme un défaut ou une rupture de la peau résultant en
une perturbation de la structure anatomique naturelle . Elle peut s’étendre a d’autres
tissus tels que les tissus sous-cutanés, les muscles, les tendons, les nerfs, les
vaisseaux et les os 2. En se basant sur le délai de cicatrisation, une plaie est classée
aigue ou chronique. Le terme plaie chronique désigne les plaies dont le délai de
cicatrisation est prolongé. La plaie est considérée comme chronique aprés 4 a 6
semaines d’évolution sans tendance a la cicatrisation malgré un traitement local

approprié 3.

B. Classification
Il existe 4 types de plaies chroniques décrites en clinique :

- Les escarres : ce sont des lésions cutanées d’origine ischémique liées a une
compression excessive et prolongée sur les tissus mous 4.

- Les ulcéres : ce sont des plaies fréquentes situées principalement au niveau
de la jambe. L'ulcére de jambe est majoritairement dU a une cause vasculaire :
veineuse ou artérielle voire mixte °.

- Les plaies du pied diabétique .

C. Complications

La problématique majeure des plaies chroniques est la complication
infectieuse. L’infection peut étre localisée aux tissus sous cutanés ou a la structure
osseuse la plus proche mais elle peut, dans certains cas plus graves, étre généralisée
entrainant une bactériémie ou un sepsis . La mortalité des suites de ces infections
systémiques est estimée entre 10 et 50 % des cas faisant de l'infection des plaies un

défi considérable en termes de soins de santé 8. La prise en charge des plaies

17
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chroniques est compliquée puisqu’elle nécessite non seulement de détecter la
présence de bactéries dans la plaie mais surtout de distinguer la contamination de la
colonisation par les souches du microbiote cutané, appelant une vigilance de I'état de
la plaie, au processus d'infection, impliquant I'intervention par le clinicien °. Or, il
n’existe a ce jour aucun moyen formel de faire la distinction entre colonisation et
infection. On estime aujourd’hui en France que 2 millions de personnes souffrent
chaque année de plaies chroniques nécessitant entre 147 et 271 jours en moyenne
pour cicatriser incluant un séjour hospitalier d’au moins 2 mois. Chaque année, on
récence 51 000 décés des suites des complications infectieuses liées aux plaies
chroniques '°. Ces derniéres données font, des infections des plaies chroniques, un
réel probléme de santé publique de par leurs répercussions dramatiques sur la vie des

patients mais également d’un point de vue socio-économique .

D. Environnement des plaies chroniques

Pour améliorer la prise en charge thérapeutique des infections des plaies
chroniques, il est indispensable de mieux connaitre I'environnement cellulaire,
microbiologique et inflammatoire dans lequel évoluent les bactéries. |l existe des

parametres intrinséques aux plaies chroniques.

Ainsi, il est depuis longtemps admis qu’une plaie présente un exsudat dont la
fonction principale est de prévenir la dessiccation qui conduirait a un retard de
cicatrisation. Une plaie chronique contient donc des protéases dont le réle est de
préparer le lit de la plaie et de dégrader les composants de la matrice extracellulaire
(collagéne et I'¢élastine) afin de préparer le processus de réépithalisation de la plaie 2.
Elle contient également plusieurs éléments dont : sodium, potassium, chlorure, urée,
créatinine (concentrations sérique), bicarbonate, cytokines (Interleukines, TNF-f3,
Interféron-a), leucocytes, polynucléaires neutrophiles, débris de cellules

(kératinocytes), lysozyme, protéines (Métallo-protéinases matricielles) '2.

Les facteurs extrinséques quant a eux sont de nature environnementale. Ces
parametres physiques extrinseques tels que la concentration en oxygéne,

I’hygrométrie, la température ou encore le pH sont intimement liés et interdépendants.

18
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La cicatrisation requiert des besoins en oxygéne afin de permettre I'intégration
des cytokines au processus ainsi qu’une différenciation cellulaire intensive grace la
production d’ATP par lintermédiaire de la phosphorylation oxydative dans les
mitochondries. L’'oxygéne est aussi un effecteur au stress oxydatif des neutrophiles.
Ainsi, 'oxygéne joue un role central dans le processus de cicatrisation et le taux relevé

au lit de la plaie varie en fonction de I'étiologie 3.

La température cutanée dépend de phénomenes physiologiques comme le
flux sanguin ou I'état métabolique ainsi que de facteurs environnementaux tels que la
température ambiante, 'humidité ou la zone anatomique concernée. Elle est, en
général, plus basse que la température corporelle. Des études ont démontré que la
température idéale permettant une cicatrisation optimale semble se situer aux
alentours de 36°C. Elle ne doit, dans tous les cas, pas descendre en dessous de
32°C, la normothermie et '’hyperthermie devant étre préférées a une hypothermie,

clairement péjorative 4.

Une particularité notable des plaies chroniques repose sur le pH présent a la
surface de la peau qui reste alcalin tout le long du processus de chronicité.
L’acidification de la peau étant signe de re-épithalisation et de cicatrisation, les plaies

chroniques ont un pH décrits constant aux alentours de 8 1516,

D’autre part, il est également connu que les infections de plaies chroniques sont
polymicrobiennes 8. Les conditions stringentes présentent au niveau des plaies
chroniques combiné au polymicrobisme influencent également sur un autre parameétre
trés important dans la physiopathologie : les interactions bactériennes. Les
coopérations ou inhibitions entre différentes especes bactériennes semblent modifier
le comportement (virulence, croissance, formation de biofilm...) des souches. Les
différentes espéces bactériennes ne sont pas organisées de maniére aléatoire mais
regroupées dans des structures qui leurs conférent un avantage sélectif pour leurs
coopérations. Parmi ces structures particulieres source d’interactions on notera le
biofilm. La présence de biofilm polymicrobien au niveau des plaies chroniques est
fréquente et sa conséquence majeure est un retard de cicatrisation de la plaie 3. La
formation de ce biofilm multi-espéce ainsi que les coopérations qui s’y jouent

dépendent de I'environnement dans lequel évoluent les bactéries.
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Les plaies chroniques constituent donc des environnements particuliers qui,
pour étre étudiées ou pour évaluer I'effet de molécules thérapeutiques nécessitent
I'obtention de modéles in vitro mimant ces plaies. |l n’existe cependant pas a I'’heure

actuelle de modele de référence représentatif pour I'étude des plaies chroniques.

2. Cas particulier de I'infection du pied diabétique

A. Diabeéte sucré

Le diabéte sucre, diabetes mellitus, est une affection chronique métabolique
caractérisée par une déficience sécretoire et/ou une anomalie de I'action de I'insuline

générant une hyperglycémie chronique pathologique .

En 2019, le diabete affectait plus de 463 millions de personnes dans le monde
8. Le diabéte sucré est considéré comme la 1° pandémie de maladie non-

contagieuse™®.

L’hyperglycémie chronique associée aux anomalies métaboliques induites par
le diabete sucré entrainent des complications cliniques a long terme responsables
d’'une mortalité importante. Aussi, 'espérance de vie d’un patient diabétique est réduite
d’environ 5 ans a partir de 50 ans par rapport a une personne non diabétique 2°.
Environ 80 % des patients présentant un diabéte sucré, risquent, au cours de leur vie,
de développer une complication chronique liée au diabéte sucré, c’est pourquoi le
dépistage et le traitement de ces complications constituent un réel enjeu dans la prise

en charge thérapeutique 2'.

On différencie communément 3 sous-groupes de complications relatives au
diabéte sucré :
- Les complications micro-angiopathiques : résultent en l'altération des petits
vaisseaux par infiltration de glycoprotéines. Les conséquences sont
particuliérement sévéres sur les vaisseaux de la rétine, du systéme nerveux et

des reins %2;
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- Les complications macro-angiopathiques : l'atteinte des gros vaisseaux
(athérosclérose) est di a un rétrécissement des artéres secondaire a un dépdét
de plaque d’athérome. Les artéres les plus touchées dans le cadre de la macro-
angiopathie diabétique sont celles du cceur, des jambes et du cou ?;

- Enfin infection du pied diabétique %2.

B. Définition

Le pied diabétique regroupe les infections et ulcérations des tissus profonds du
pied chez le patient diagnostiqué avec un diabéte sucré 23. L’origine et 'apparition des
plaies aux pieds chez les patients diabétiques sont multifactorielles. Trois facteurs
associés sont incriminés dans le développement des ulcéres du pied diabétique (UPD)

: la neuropathie diabétique, I'artériopathie et la présence d’infection(s) 24.

Il a été démontré qu’au cours de leur vie, 15% des patients diabétiques
déclencheront des UPD 2°. Entre 50% et 80% de ces ulcéres deviendront infectés et
la propagation de linfection aux tissus mous et aux structures osseuses augmente

considérablement le risque d’amputation du membre inférieur 2627,

L’infection du pied diabétique (IPD) est ainsi un réel probleme de santé
publique de par sa fréquence et la gravité de cette complication, avec un taux
d’amputation et de morbidité extrémement élevé, mais aussi de par ses conséquences

socio-économiques.

C. Physiopathologie

Les facteurs de risques de survenue d’une infection secondaire a I'apparition
d’une plaie du pied sont multiples. On peut les diviser en 2 grands groupes, les facteurs

lies a I'hote et ceux liés aux bactéries responsables de l'infection :

a. Facteurs liés a I’hote

- La neuropathie : la polyneuropathie distale sensitive, motrice et

autonome, est responsable d’'une hyposensibilité au niveau de la
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plaie du pied. L'indolence rend le diagnostic plus difficile et retarde

la prise en charge thérapeutique 28.

- L’artériopathie des membres inférieurs : la présence d’'une ischémie

ou d’une artériopathie est le résultat d’'une maladie microvasculaire,
effet direct de I'hyperglycémie chronique. La présence d’une
artériopathie, en cas d’ulcération de plaie, complique la prise en
charge, aggrave le pronostic par un apport artériel insuffisant et

augmente la propagation de I'infection 2°.

- Limmunopathie : I'hyperglycémie chronique engendre des

défaillances des mécanismes de défense immunitaire (immunité
innée et humorale) avec notamment une altération des
polynucléaires neutrophiles, une diminution de la phagocytose ou

encore un chimiotactisme réduit favorisant la survenue de l'infection
30

- La susceptibilité génétique & les facteurs métaboliques : certains

facteurs génétiques et métaboliques tels que la diminution de
I'acuité visuelle, le surpoids, la présence d’une mycose du pied, une
protéinurie ou encore une rétinopathie sont décrits dans la littérature

comme facteurs de risques 3'.

- L’anatomie du pied : le pied a une anatomie particuliére, cloisonnée

en plusieurs loges inter-communicantes, expliquant la dissémination

rapide du processus infectieux 4.

b. Facteurs bactériens

- Virulence bactérienne : le pouvoir pathogéne des bactéries est

important dans la prise en charge thérapeutique des IPD 2.

- Reésistance ou tolérance : de la méme maniére que la virulence

bactérienne, la résistance (mécanisme irréversible) ou la tolérance
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(mécanisme réversible) aux antibiotiques des bactéries participent
a la difficulté de prise en charge thérapeutique. Il est reporté une
augmentation du nombre de bactéries multi résistantes (BMR) aux
antibiotiques dans les UPD, notamment le Staphylococcus aureus
résistant a la méthicilline (SARM) retardant la cicatrisation et

compliquant la prise en charge 32.

- Formation de biofilm: les bactéries existent sous 2 types,

planctoniques c’est-a-dire sous forme de cellules libres, ou sessiles,
attachées a un support biotique ou non, formant une communauté
polymicrobienne ou les interactions intra et inter espéces sont
privilégiées. On recense la présence de biofilm polymicrobien dans
60 a 80 % des plaies chroniques 33 34, La conséquence clinique de
ce biofilm est un retard de cicatrisation et une chronicisation de

I'infection 3°.

Le diagnostic d'infection du pied diabétique est basé sur la clinique, toutefois la
difficulté majeure pour le clinicien est de faire la distinction entre l'infection, processus
pathologique, de la colonisation bactérienne, processus physiologique. Il existe en
effet un équilibre fragile entre la colonisation de la plaie par le microbiote cutané ou
par des bactéries environnementales de fagon transitoire, ne nécessitant pas
d’intervention clinique, de l'infection de la plaie par des micro-organismes pathogénes
conduisant a un retard de cicatrisation 6. A ce jour, les cliniciens ne disposent que de
peu d’outils pour les aider dans la différenciation de ces deux états orientant la prise

en charge thérapeutique des patients.

D. Ecologie microbienne

Les études sur les communautés microbiennes associées aux plaies du pied
chez le diabétique ne cessent d’augmenter ces derniéres années. Il apparait en effet
que la composition du microbiote de la plaie aurait une incidence sur la cicatrisation

ou le risque d’amputation chez les patients 8.
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Dans une récente étude, les chercheurs ont recueilli des données a partir du
microbiome d’UPD chez plus de 100 patients. Les prélevements ont été réalisés avant
et aprés débridement ainsi que sur un suivi a long terme de 26 semaines a raison d’un
prélevement tous les 15 jours. Le suivi, en paralléle de I'évolution de l'infection et de
I'état de la plaie, a permis de rendre compte que le potentiel de virulence de chaque
espéce mais surtout I'association bactérienne jouent un réle dans la cicatrisation de la

plaie 3.

De maniére descriptive, les bactéries les plus fréquemment isolées sont les
cocci a Gram positif dont les Staphylococcus aureus (35% des souches isolées) et a
moindre mesure les streptocoques B-hémolytiques (13%) et les entérocoques (7%) 8.
La bactérie S. aureus, isolée dans la majorité des plaies, est connue pour son potentiel
de résistance aux antibiotiques. Si, au niveau de I'espéce, la présence de S. aureus
ne permet pas de prédire I'évolution de la plaie, les chercheurs ont découvert que la
présence de certaines souches particuliéres (présence de facteurs de virulence, génes
de résistance aux antibiotiques) coincidait avec des plaies dont la cicatrisation était

trés difficile 39 40,

En ce qui concerne les bactéries a Gram négatif, la plupart sont des
entérobactéries (Escherichia coli, Proteus mirabilis, Klebsiella spp. - 29%). Des
souches de Pseudomonas aeruginosa (8%) sont également isolées °. Cette bactérie
est frequemment isolée dans les cas d’ostéites ou d’infection des tissus mous et en
cas d’hospitalisation prolongée 4'. Son potentiel pathogéne est aujourd’hui discuté
mais il semblerait que ce soit 'association avec d’autres espéces bactériennes qui lui

confére une pathogénicité 42.

Des bactéries anaérobies sont aussi isolées dans 4% des IPD aprés mise en
culture dans les milieux classiquement utilisés. La métagénomique mais également la
culturomique démontrent que ce chiffre est sous-estimé. L’'importance de ces souches
et notamment leur présence dans les plaies profondes ont été décrites 43. L’étude a
mis en évidence la présence de Gram positif de la classe des Clostridiales
(Anaerococcus, Finegoldia et Peptoniphilus) ainsi que d’autres anaérobies stricts tels
Porphyromonas et Prevotella. Une seconde étude récemment publiée a pu identifier

le méme type de communauté tout en soulignant que ces anaeérobies strictes et
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facultatives sont en une sous-représentation dans les plaies chroniques associées aux

maladies auto-immunes 44.

Les interactions bactériennes influengant la survenue de la cicatrisation, il est
important de prendre en considération 'ensemble de la communauté bactérienne
présente sur la plaie et non pas une espéce isolée #°. Les scientifiques s’intéressent
donc a comprendre les mécanismes qui régissent ces interactions bactériennes et
comment elles adviennent. Un des écosystémes favorisant la survenue des

coopérations ou des inhibitions entre espéces bactériennes est le biofilm.

3. Biofilm
A. Définition

Un biofilm est une communauté de micro-organismes adhérée a une surface
et enrobée dans une matrice d’exopolysaccharides protectrice et adhésive que ces
microbes secrétent #6. Les bactéries sont des étres unicellulaires qui peuvent évoluer
dans leur environnement de maniére isolée et libre dans un milieu liquide. Ces
bactéries sont alors dites sous forme planctonique. L’autre alternative de mode de vie
des bactéries est celui en biofilm. Le comportement dit alors sessile est prédominant
chez les organismes unicellulaires *’. Les premiéres descriptions de biofilms
bactériens sont anciennes (1683 #8) mais il faudra attendre la fin du 20°™® siécle et la
découverte en 1980 de John William Costerton pour considérer les bactéries et leur

comportement sous forme sessile en santé humaine 4°.

Les biofilms se développent dans divers milieux et peuvent adhérer sur pléthore
de surfaces naturelles ou artificielles posant ainsi des problémes industriels mais
également en matiere de santé publique. En effet, les biofilms sont recensés dans
nombres de maladies infectieuses et peuvent étre a lorigine de maladies
nosocomiales. Prés de 65% des infections nosocomiales seraient induites ou
persisteraient en raison de la présence de biofilm bactérien, on parle de 80% dans le
cas des infections bactériennes chroniques °. Les principales infections associées
aux biofilms sont dues soit a la présence de biofilms sur des dispositifs médicaux
(cathéters, prothéses, sondes urinaires et valves cardiaques) %'-%3 soit a des affections

chroniques avec présence de biofilm directement sur les tissus (infections
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AR

ostéoarticulaires, mucoviscidose, endocardite infectieuse, infections urinaires, plaies

chroniques infectées, pathologies dentaires) %4-%.

Les biofilms ont un réle majeur dans la faculté des bactéries a coloniser des
environnements variés et résister a une multitude d’agressions externes notamment
par la protection que leur confere la matrice d’exopolysaccharides de l'action du
systéme immunitaire et des antibiotiques %’. Enfin, I'organisation communautaire
décrite dans les biofilms permet aux bactéries de coopérer et d’interagir entre elles

rendant la prise en charge thérapeutique encore plus complexe 5.

B. Formation du biofilm

Le passage d'un mode de vie a l'autre est un processus dynamique et
complexe. Le mécanisme de formation d’un biofilm passe par 5 étapes (Figure 1). Les
premiéres phases sont relatives a 'adhésion des bactéries planctoniques a la surface,
réversible dans un premier temps puis irréversible. Ces phases sont suivies d’étapes
de maturation ou les micro-organismes poursuivent leur développement en formant
des micro-colonies et produisent leur matrice extracellulaire protectrice. Enfin, certains
micro-organismes peuvent se détacher du biofilm mature sous l'effet de facteurs

environnementaux. C’est I'étape finale de dispersion.

Cocci .. Alternative phenotype

\\ Bacilli ® New phenotype acquired by the primary bacteria

Figure 1 : Représentation des différentes étapes de formation de biofilm.
Source : Pouget et al, 2020, Microorganisms 58

26



Infection des plaies chroniques & Biofilms

a. Adhésion

L’adhésion bactérienne initiale est une adhésion réversible a un support qui
peut étre biotique (peaux, muqueuses, poumons, tissus, yeux, gencives ...) ou
abiotique (dispositifs et implants médicaux, roches, surfaces en plastique, aluminium
...). Cette adhésion fait intervenir des liaisons faibles de type électrostatiques et des
forces de Van der Waals entre les bactéries et le support. |l existe des facteurs
influencant cette liaison entre bactéries et support, tels que les forces
hydrodynamiques qui régissent le matériel mais également qui s’exercent sur la
membrane bactérienne, les propriétés physico-chimique du support, des bactéries et
du milieux (pH, force ionique, température) %°. L’adhésion réversible est aussi
influencée par 'état des bactéries et les produits qu’elles sécrétent. Aussi, il a été
démontré que chez S. aureus les acides téchoiques ou 'ADN extracellulaire (ADNe)
interviennent dans le processus d’attachement aux surfaces % ¢!, Sur les dispositifs
médicaux implantés, il a été reporté chez S. aureus l'implication de protéines
bactériennes de surface capables de se lier aux protéines de la matrice extracellulaire
de I’héte qui recouvrent ces dispositifs. Les microbial surface components recognizing
adhesive matrix molecules (MSCRAMM) regroupent des protéines d’adhésion jouant

un réle dans l'infection et I'échappement au systéme immunitaire 62,

Chez S. aureus, il existe une vingtaine de MSCRAMMs décrits dont les
principaux sont le clumping factor A et B (CIfA et CIfB) 63, les fibronectin-binding
proteins A et B (FnbpA et FnbpB) 6 et la collagen adhesin (Cna) 6. Ces protéines se
lient respectivement au fibrinogéne, a la fibronectine et au collagéne de la matrice
extracellulaire. Chez P. aeruginosa, pas de MSCRAMMs mais d’autres éléments ont
été décrits comme participant au mécanisme primaire d’adhésion. Les principales
molécules sont des polysaccharides dont I'alginate, Pel et Psl qui permettent la liaison

de la matrice extracellulaire au support .

L’adhésion des bactéries déclenche ensuite des modifications physiologiques
qui induisent une adhésion irréversible a la surface ¢’. Les bactéries se redistribuent

ensuite le long de la surface et vont former des micro-colonies.
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b. Maturation

La maturation du biofilm se poursuit avec la multiplication bactérienne et la
production de I’extracellular polymeric substance (EPS), leur matrice protectrice 8.
La formation initiale de cette EPS concoure a I'organisation de micro-colonies sous
forme de structure en champignons en 3 dimensions. Ces structures en 3 dimensions
sont séparées par des canaux permettant la mise en place d’'un gradient de diffusion
d’oxygéne et de nutriments. La concentration décroit depuis la surface vers la base du
biofilm ou les nutriments sont plus rares et ou les déchets du métabolisme bactérien
s’accumulent. Ces canaux ne desservent pas toutes les régions du biofilm de la méme
maniére créant ainsi des microenvironnements trés hétérogénes au sein du biofilm ©°.
Ces micro-colonies se développent ensuite au sein de 'EPS et des micro-
organismes secondaires viennent s’intégrer au biofilm préexistant formant ainsi un

écosystéme microbien hétérogéne 2.

La formation de ces microniches environnementales conduit donc a
I'émergence de sous-populations physiologiquement distinctes, en particulier vis-a-vis
de la tolérance aux antibiotiques. La matrice extracellulaire pourrait en effet constituer
une barriere de diffusion aux antibiotiques permettant une adaptation progressive de

la physiologie des bactéries exposées au stress antibiotique.

Enfin, la présence fréquente de microorganismes d’espéces différentes au sein
d’'un méme biofilm constitue un niveau supplémentaire d’hétérogénéité biologique. En
effet, la proximité et les contacts entre bactéries du biofilm facilitent la communication
et les échanges conduisant a des mécanismes de coopération bactérienne, mais
peuvent également induire des phénoménes de compétition 7°. Les bactéries
communiquent et adaptent leurs comportements en fonction de la concentration
extracellulaire de petites molécules diffusibles telles que les acyl-homosérines
lactones (AHL), les quinolones, les furanosyles chez les bactéries 8 Gram négatif ou
de peptides a courtes chaines chez les bactéries a Gram positif 7'. Ces molécules se
fixent généralement a des récepteurs spécifiques et permettent I'activation d’un
régulateur conduisant alors a une réponse phénotypique collective lorsqu’un seuil de
molécules diffusibles est dépassé, c’est ce qu'on appelle le quorum-sensing (QS) 2.
De nombreuses interactions ont été décrites au cours desquelles une bactérie peut

utiliser des nutriments produits par des bactéries voisines, conduisant a une
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complémentarité métabolique. A l'opposé de ces phénoménes coopératifs, les
bactéries composant un biofilm peuvent entrer en compétition via la production de
molécules inhibant la croissance ou [linstallation dans le biofilm ou encore la
compétition pour des nutriments. Aussi, la proximité physique des bactéries favorise
le transfert horizontal de matériel génétique par conjugaison ou transformation

permettant I'acquisition de génes de résistance aux antibiotiques 7.

c. Dispersion

Enfin la derniére étape de la formation du biofilm est caractérisée par un
détachement d’'une partie des bactéries sessiles qui vont envahir de nouvelles
surfaces ou initier un nouveau biofilm. Dans un biofilm mature, un équilibre s’établit
entre la croissance bactérienne et la dispersion des bactéries sessiles 74. C’est un
processus physiologique contrélé 7. La dispersion est divisée en 2 processus :
I’érosion, processus passif, qui est défini par le détachement continu de bactéries
individuelles ou de partie de biofilm et la desquamation qui est un processus actif
consistant en la perte massive de grandes parties de biofilm. Ce processus facilite la

dissémination des infections 7.

Chez S. aureus la dispersion des biofilms bactériens est globalement médiée
par des peptides amphiphiles aux propriétés surfactantes appelés PSM (phenol-
soluble modulin) 77. Chez P. aeruginosa, les systemes BdIA (Biofilm dispersion locus
A), NicD (nutrient-induced cyclase D), DipA (dispersion-induced phosphodiesterase
A), RbdA et GebA sont impliqués dans le processus de desquamation 7880,

C. Composition des biofilms

Les biofilms sont majoritairement constitués de 3 composés, a savoir les

polysaccharides, les protéines et T’ADNe.

a. Polysaccharides

Les polysaccharides sont les constituants majoritaires de 'EPS 8.
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Ceux des bactéries a Gram négatif sont de nature neutre ou polyanionique. Leur
caractere anionique est renforcé par la présence de dérivés de I'acide uronique
permettant la chélation des cations divalents tels que le calcium ou le magnésium &2.
Cette chélation permet indirectement d’augmenter les forces d’adhésion des biofilms
matures par réticulation des polymeres. L’alginate, Pel et Psl sont des polysaccharides
produits par P. aeruginosa. lls jouent un rdéle essentiel dans I'établissement et la

stabilisation des biofilms ©6.

Le phénotype mucoide tres caractéristique de la majorité des souches de P.
aeruginosa est di a la surproduction de [Ialginate, facteur de virulence
polysaccharidique capsulaire conférant a la souche un avantage sélectif 8. L’alginate
est un polymére acétylé de poids moléculaire élevé composé de monomeéres non
répétitifs d’acides L-gluronique et de D-mannuronique 8. La surproduction de ce
polysaccharide entraine des changements architecturaux importants dans le biofilm se
traduisant particulierement par une augmentation de la résistance aux antibiotiques.

Sa production dépend de I'opéron mucA 5.

Des études ont démontré sur des souches non-mucoides la possibilité de
former un biofilm dense suggérant qu’un ou plusieurs autres polysaccharides
indépendants de 'alginate pouvaient étre essentiels dans le développement de biofilm
chez P. aeruginosa ®°. Un premier locus polysaccharidique a ainsi été découvert et
désigné psl (polysaccharide synthesis locus) (Figure 2). Ce locus est un opéron
comportant 15 génes impliqués dans la machinerie de synthése de Psl, essentiel a la
formation de biofilm. L’inactivation du groupe de géne ps/ conduit a un défaut de
formation de biofilm et notamment d’adhésion surface-bactéries. Plus tard, d’autres
études ont montré que Psl| fonctionnerait également comme un échafaudage
indispensable a la tenue des bactéries dans 'EPS ©°. Psl est un polysaccharide riche

en mannose et en galactose 6.

Enfin, lors des recherches sur l'implication d’autres polysaccharides permettant
I'établissement du biofilm chez P. aeruginosa, les chercheurs ont découvert un second
locus, appelé pel. Ce locus comporte 7 génes induisant le maintien de la structure en
biofilm 87 (Figure 2). Les analyses ont permis de mettre en évidence que pel code un

polysaccharide riche en glucose (structure compléte non résolue a ce jour).
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Figure 2 : Représentation des opérons impliqués dans la formation du biofilm
chez Pseudomonas aeruginosa

Adapté depuis Franklin et al. 8

Chez les bactéries a Gram positif dont S. aureus, le polysaccharide majoritaire
est le PIA 8, Initialement nommé PNAG pour Poly-N-acetyl-Glucosamine. C’est un
polymeére acétylé composé de monomére de glucopyranose qui possede une charge

positive 9. Sa synthése est sous le controle de I'opéron ica °'.

b. Protéines

Les protéines bactériennes sont capables d’assurer plusieurs réles de la
formation a la dissémination du biofilm. On différenciera deux types de protéines
bactériennes ; les protéines sécrétées et les bactéries ancrées a la surface

bactérienne.

Pour ce qui est des protéines sécrétées chez les bactéries a Gram positif et
en particulier chez S. aureus, les principales protéines clés sontles secretable
expanded repertoire adhesive molecules °2, ou SERAM, parmi lesquelles on retrouve
les protéines Eap et Emp. Ces protéines sont connues pour leurs liaisons multiples
avec les protéines de la matrice extracellulaire et jouent un réle dans le cycle de vie
du biofilm facilitant la libération d’agrégats depuis la structure initiale 3. L’autre
protéine clé est la B-toxine. Elle permet la formation d’'un réseau architectural de

nucléoprotéines via sa capacité a se lier a TADNe . Enfin, I'a-toxine, codée par
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I'opéron hla joue un role dans la phase précoce d’attachement du biofilm en établissant
des contacts cellules-cellules permettant la formation des micro-colonies en forme de
champignon 9. Chez les bacilles a Gram négatif dont P. aeruginosa, on sait que la
protéine Crc (catabolite repession protein) réprime le métabolisme des hydrates de
carbones en présence d’intermédiaires du cycle de Krebs (pyruvate et succinate) et
intervient dans une voie de signalisation contrélant la formation du biofilm %. GacA, le
régulateur de réponse du couple GacA/GacS, un systéme a deux composants, influe
également sur la capacité de la souche a former du biofilm. Pseudomonas aeruginosa
est également capable de sécréter des protéines (élastases, protéases) qui détruisent
l'intégrité des tissus de I'hbte en dégradant les protéines de la matrice extracellulaire
telles que [I'élastine ou le collagéne °7. Enfin, d’'autres protéines sécrétées

correspondant a des toxines, telle que la pyocyanine %, ont été décrites.

En ce qui concerne les protéines ancrées a la membrane bactérienne des
staphylocoques, elles peuvent étre classées en 4 groupes: les MSCRAMMs,
précédemment décrites 62, les protéines comportant un motif NEAT (NEAr iron
Transporter), la protéine A (SpaA) et les protéines de la famille du motif G5-E répété.
Les protéines comportant un motif NEAT comprennent les protéines IsdA, IsdB et IsdC
responsables de la liaison au fibrinogéne et a la fibronectine 9. La protéine A (SpaA)
de la famille « three-helical bundle » est capable de se lier au immunoglobulines G via
leur région Fc 190, Enfin, les protéines de la famille du motif G5-E répété comprennent
la protéine SasG qui est impliguée dans les processus d’adhésion aux cellules
épithéliales endommagées '°'. Chez P. aeruginosa, les mécanismes influengant la
formation du biofilm sont majoritairement sous le contrdle de facteurs de mobilité et
d’adhérence que sont le flagelle, les pili de type IV ou encore les fimbriae. La présence
et le fonctionnement du flagelle sont importants pour I'attachement initial des bactéries
planctoniques au support 2. Les pili de type IV sont des structures fibrillaires
présentent au pble des bactéries a Gram négatif dont P. aeruginosa. lls sont impliqués
dans un phénomeéne de « twitching » permettant des mouvements a l'interface de
surfaces solides indispensables a la formation des micro-colonies 92, Enfin, un autre
appendice de surface a été décrit chez P. aeruginosa, les fimbriae, essentiels a la

formation de biofilm surtout dans les phases précoces %,
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Le biofilm est une structure hautement complexe dont la mise en place
nécessite une grande diversité d’acteurs moléculaires. Chez les Gram positif et en
particulier chez S. aureus, de I'étape primaire d’adhésion a la maturation, une
régulation est indispensable pour que la succession d’expression génique permette le
passage d’'une étape a l'autre (Figure 3). La synthése des PIA est par exemple
fortement régulée. La répression de icaR induit une augmentation de I'expression des
génes icaABCD responsable de la synthése des PIA %4, La maturation du biofilm de
S. aureus est également contrdlé par le systeme Agr assurant la régulation du quorum-
sensing. La croissance et de détachement du biofilm ont été reliées a ce régulateur
clé par I'analyse de I'expression d’agr chez des bactéries sessiles % ou par addition
de l'inducteur du systéme Agr directement dans le milieu de croissance '%6. Agr régule
I'expression d’un grand nombre de molécules et en particulier, réprime I'expression
des adhésines. La synthése des PSM est également connue pour étre régulée par Agr
107 AgrA se fixe directement sur le promoteur de I'opéron psm pour permettre leur
transcription. Ainsi, le systéme Agr limiterait I'installation du biofilm en induisant sa
dissémination et au contraire permettrait la synthése des facteurs de virulence tel hla
93, Le facteur de transcription SarA est également impliqué dans la régulation de la
formation du biofilm en modulant I'expression de plusieurs génes comme bap et mgrA
qu’il induit 198109 SgrA est démontré comme ayant un role inverse de Agr en

permettant la formation du biofilm et en réprimant sa dissémination (Figure 3).
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Figure 3 : Schéma de la régulation du biofilm chez S. aureus

c. ADN extracellulaire

La découverte de I'implication de structure dérivée d’ADN dans les biofilms est
récente. La premiére observation de la présence d’ADNe dans un biofilm a été réalisée
sur un biofilm mature de P. aeruginosa dans les années 2000 8'. Les chercheurs ont
pu décrire plus largement le réle de ces structures quelques années plus tard aprés
avoir utilisé des DNases sur le biofiim. En 2010, il a été décrit la présence et
limportance de 'ADNe chez des souches de P. aeruginosa mais aussi dans les

biofilms staphylococciques 0.

L’ADNe isolé dans les biofiims est issu de la lyse d’'une sous-population
bactérienne par un mécanisme suicidaire altruiste consistant en la mort d’'une petite
partie des bactéries au profit de la survie de la population générale '"'. La régulation
de ce mécanisme est complexe et espéce-dépendant. On connait I'implication de AtIA

chez S. aureus dont I'expression est régulée par un systéeme a double composants
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CidABC/LrgAB "2, Chez P. aeruginosa, les mécanismes sont moins décrits mais il
semblerait que I'autolyse résultant en la libération de 'ADNe est contrdlée par CdpR
113, Une autre partie de 'ADNe circulant isolé dans I'EPS est aussi due aux bactéries,
qui sous le contréle de signaux du quorum sensing, liberent des copies de leur ADN

dans le milieu 114,

Le r6le de 'ADNe est multiple. L’ADNe, chargé négativement, s’accumule
autour des bactéries et les protege contre l'activité de composés cationiques
bactéricides tels que les peptides antimicrobiens ou certains antibiotiques 5. Le
second réle important de '’ADNe est un role structural. La polarité de 'ADNe influence
les proprietés membranaires des bactéries agissant comme un réseau ou
échafaudage structurant les bactéries du biofilm 16, Il permet également des échanges
de génes au sein du biofilm et peut servir de source de nutriments dans des conditions
oligotrophiques ''7. Enfin, '’ADNe pourrait avoir un rble dans I'affaiblissement de la

réponse inflammatoire de I'h6te par une interaction et une activation du TLR9 '8,

D. Infection du pied diabétique et biofilms

A partir des années 2010, de nombreuses études de recherche clinique ont vu
le jour démontrant I'impact du biofilm dans les IPD. En 2011, Neut et al montrent au
travers de 2 études la présence d’un écosystéme microbien, le biofilm, au niveau
d’ulcéres de plaie non cicatrisants '1°. S’en est alors suivi de nombreuses recherches

qui ont permis de mieux définir I'incidence et la composition des biofilms des UPD.

La principale caractéristique des ulcéres du pied diabétique est qu’ils sont
associés a un polymicrobisme qui influence [lintensité du processus
physiopathologique 2. L’intercommunication et les coopérations entre micro-
organismes au sein du biofilm sont complexes et n'ont été au cceur des recherches
que récemment. Les chercheurs travaillent aujourd’hui a caractériser et documenter le
plus possible les interactions qui régissent les biofilms polymicrobiens afin de mieux
comprendre la physiopathologie de ces infections '2°. L’interaction la plus décrite des
IPD est celle entre P. aeruginosa et S. aureus, bien que ces deux bactéries ne soient

pas isolées a la méme localité du lit de la plaie, P. aeruginosa étant plus en profondeur
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121,122 | es premiéres études de cette interaction rendaient compte d’une concurrence
entre les deux espéces bactériennes comme en témoigne la concurrence pour l'ion
ferrique 123 124 ou I'action de certains antibiotiques '*°. Pseudomonas aeruginosa peut
ainsi simultanément inhiber la croissance de S. aureus et acquérir une résistance aux

aminoglycosides 26 127,

Aujourd’hui de plus en plus d’études rapportent des mécanismes de
coopération entre les deux bactéries. De nombreuses substances produites chez P.
aeruginosa peuvent jouer un réle protecteur sur S. aureus (exemple de l'alginate). La
coopération synergique entre P. aeruginosa et S. aureus a été rapportée. Cette
coopération permet, en outre, la sécrétion de facteurs de virulence (cyanide
d’hydrogéne, exoenzyme S, exotoxine A et pyocyanine pour P. aeruginosa et
hémolysine A et leucocidine de Panton-Valentine pour S. aureus), la capacité a former
un biofilm plus rapidement et/ou plus dense et enfin, I'apparition de mécanisme de

tolérance a certains antibiotiques 128134,

D’autres coopérations entre micro-organismes ont largement été décrites dans
les IPD %8. En effet, de nombreux articles ont étudié le microbiote des IPD rendant
compte de la complexité des associations de micro-organismes provenant de
différentes niches colonisant la plaie. Particulierement dans les IPD, cette
communauté microbienne est organisée en différents « pathogroupes » ou FEP pour
functionnal equivalent pathogroups '3°. Lors de la maturation du biofilm, des
espéces secondaires aux colonisateurs initiaux viennent intégrer le biofilm préexistant
ce qui donne lieu a des biofilms hétérogénes. Les micro-organismes a l'intérieur de
ces biofilms ne sont pas organisés de maniere aléatoire mais de fagon a ce que les
bactéries puissent tirer profit au mieux de I'environnement dans lequel elles
s’établissent. On retrouve alors des profils d’interaction bactéries-bactéries
préférentiels. Les FEP permettent les relations symbiotiques et synergiques de groupe
de bactéries, le partage de nutriment (catabolisme ou anabolisme) et accentuent la
résistance aux antibiotiques '%6. La présence de certaines FEP aux premiers stades
de linfection est associée a des biofilms pathologiques retardant la cicatrisation et
favorisant la chronicisation de I'infection par le fait que certaines espéces, considérées
comme non pathogénes ou incapables de maintenir la chronicisation de l'infection a

elles seules, pourraient coexister symbiotiquement dans un biofilm pathogéne.
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Résumeé travail n°1 :

Comme décrit précédemment, les infections de plaies au niveau du pied sont
des complications fréquentes et potentiellement préjudiciables sur la vie du patient
diabétique. L’infection touche un pied ulcéré sur deux et conduit fréquemment a une

amputation, augmentant la morbidité a moyen terme et les colts de santé.

Dans la premiére partie de ce travail bibliographique, le but est d’identifier et de
définir la physiopathologie des plaies du pied chez le patient diabétique ainsi que
de décrire les nombreux critéres intervenant dans la gravité de 'infection. Ce travail se
focalise notamment sur un des critéres en particulier : celui de la capacité des micro-

organismes présents au niveau du lit de la plaie a former du biofilm.

La seconde partie de cette revue se concentre sur la formation de biofilms
bactériens dans les ulcéres de pied diabétique et des facteurs influengant cette
formation. Dans cette partie, une liste non-exhaustive des descriptions de biofilms
présents dans des modéles animaux et humains d’'UPD a été réalisée permettant de
comprendre I'évolution des connaissances sur les micro-organismes infectants les
plaies du pied diabétique. Les différents modéles ont permis notamment la découverte
d’'une des particularités des biofilms de plaies chroniques, a savoir la formation de
biofilm polymicrobien. Ce biofilm pluri-espeéces est une étape importante dans la

physiopathologie des ulcéres de pied diabétique.

Enfin, les biofilms décrits au niveau des plaies chroniques ont d’importantes
conséquences cliniques dont les principales sont le développement de résistances

aux antibiotiques, de retarder la cicatrisation et d’induire la chronicisation de la plaie.
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Abstract: Foot infections are the main disabling complication in patients with diabetes mellitus. These
infections can lead to lower-limb amputation, increasing mortality and decreasing the quality of life.
Biofilm formation is an important pathophysiology step in diabetic foot ulcers (DFU)—it plays a main
role in the disease progression and chronicity of the lesion, the development of antibiotic resistance,
and makes wound healing difficult to treat. The main problem is the difficulty in distinguishing
between infection and colonization in DFU. The bacteria present in DFU are organized into functionally
equivalent pathogroups that allow for close interactions between the bacteria within the biofilm.
Consequently, some bacterial species that alone would be considered non-pathogenic, or incapable
of maintaining a chronic infection, could co-aggregate symbiotically in a pathogenic biofilm and
act synergistically to cause a chronic infection. In this review, we discuss current knowledge on
biofilm formation, its presence in DFU, how the diabetic environment affects biofilm formation and
its regulation, and the clinical implications.

Keywords: biofilm; commensal bacteria; diabetic foot infection; diabetic foot ulcer; pathogenic
bacteria; pathogroups

1. Introduction

People suffering from diabetes mellitus have a 15-25% lifetime incidence of developing a diabetic
foot ulcer (DFU) [1]. Infection is the most common, severe, and costly complication of diabetes
mellitus [2], with high risk of mortality and morbidity due to lower limb amputation [3]. Wound
infection, faulty wound healing, and ischemia are the most common precursors to diabetes-related
amputations. Indeed, 80% of lower-limb amputations in diabetic patients are preceded by biofilm
infected foot ulceration [4,5]. Infected wounds result in an increased risk of death within 18 months [6].
The host-microorganism interface plays a major role in DFU development. In DFU, bacteria are
classically organized into functionally equivalent pathogroups (FEP), where pathogenic and commensal
bacteria co-aggregate symbiotically in a pathogenic biofilm to maintain a chronic infection [7].

Microorganisms 2020, 8, 1580; doi:10.3390/microorganisms8101580 www.mdpi.com/journal/microorganisms
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This polymicrobial biofilm has been observed both in pre-clinical studies using animal models and in
clinical research on DFU. It represents the main cause of delayed healing.

2. Pathophysiology of Diabetic Foot Ulcers

2.1. Main Host-Related Factors
The triopathy induced by diabetes mellitus plays a role in the origin and chronicity of the DFU.

= Diabetic immunopathy: Diabetic patients have an altered function of polymorphonuclear cells
and impaired phagocytosis, chemotaxis, and bactericidal activity (related to both non oxidative
and oxidative mechanisms), which are more evident in the presence of high hyperglycemia [8].
A study on diabetic mice showed that persistent hyperglycemia had a deleterious effect on the
innate immunity and could lead to skin and soft tissue infections by Staphylococcus aureus [9].

. Diabetic neuropathy: Neuropathy by C-fiber and autonomic nerve fiber dysfunction is a common
and frequent complication of diabetes mellitus. An evolution of the deregulation of glycemic
balance is the inhibition of nociception and the perception of pain, a process called loss of
protective sensation [10]. Thus, patients may not initially notice small wounds in the legs and feet,
and may fail to prevent infection. Studies have observed a reduction in foot skin innervation and
the expression of neurogenic factors in DFU, correlated with low inflammatory cell accumulation
and therefore in the chronicity of DFU. This contributes to enhancing susceptibility to infection of
diabetic neuropathic foot ulcers [11].

= Diabetic angiopathy: Peripheral arterial disease (PAD) and microangiopathy are the main risk
factors for DFU. The decrease in the oxygenation of tissues by thickening the capillary basement
membrane is a hallmark of diabetic angiopathy [12]. Disease of arteries in the lower limb is
a well-known risk factor for DFU. Indeed, studies have shown that PAD presents a 5.5-fold
increased risk for DFU [13]. The ischemia caused by the angiopathy also enhances the severity of
the infection as a result of a poor delivery of oxygen and nutrients in the infected wound and
because of poor antibiotic tissue penetration [14].

Finally, the anatomical characteristics of the foot, with its division into compartments, participates
in the pathophysiology by increasing the severity of the infectious process by promoting the spread of
infection and aggravating tissue damage.

2.2. DFU Microbiota

The host—-microbiota interface is often the key point in the development of wound infections.
Defining the diabetic foot microbiota implies the possibility of distinguishing it from skin microbiota
associated with other clinical statuses. Compared with the feet of non-diabetic men, those of
diabetic men had decreased populations of Staphylococcus spp., increased populations of S. aureus,
and increased bacterial diversity [15]. When compared with contralateral healthy skin, the DFU
microbiota harbored less bacterial diversity with greater levels of opportunistic pathogens [16].
However, neither patient demographics nor wound type influenced the bacterial composition of
the chronic wound microbiome [17]. Different studies have described this DFU microbiota [17-25].
Although they have produced interesting results and confirmed that the microbiota is a highly
dynamic microbial community that maintains a relationship with the host, understanding the complex
competitive or synergistic interaction between commensal and pathogenic microorganisms is necessary
as it could play an important role in the severity and evolution of the wound.

2.3. Disturbances in the Host—-Microorganism Interplay

- Bacterial virulence: The virulence of pathogens is a key element in the pathophysiology of DFU.
The ability of a bacterium to be virulent is key to the precarious balance between colonization
and infection [26]. Bacterial virulence has been characterized using DNA microarray-based
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genotyping, multiplex polymerase chain reaction (PCR), and in vivo assays [26,27]. Among the
large panel of virulence factors, bacterial proteases (serine-, cysteine-, and metallo-proteases),
produced by a wide range of pathogenic bacteria, could play a major role in the pathogenesis
of wound healing [28]. However, these wounds, and especially DFU, are highly polymicrobial,
and bacterial interactions should also be studied in order to better understand the mechanisms of
infection and the role of each of the pathogens involved in DFU.

- Biofilm organization: In a 2008 study assessing wound tissue biopsies using electron microscopy,
James et al. suggested that 60% of chronic wounds present biofilms versus 6% for acute
wounds [29]. In the following sections of this review, we focus on the formation of biofilms,
evidence of biofilms in DFU, influence of the diabetic environment, and finally the clinical
implications of biofilms in DFU.

3. Overview of Biofilms in DFU

3.1. Biofilm Formation in DFU and Tools for Detection

In the environment, microorganisms can exist in two main states, namely: planktonic and sessile.
In the planktonic state, bacteria move freely in their environment. In the sessile state, microorganisms
are attached either to solid surfaces (e.g., urinary catheter or prosthesis), or more frequently, to each
other, constituting multicellular aggregates that can lead to biofilm formation. Biofilm formation
is a multistep process (for review, see Percival et al., 2015 [30]; Figure 1) whereby heterogeneous
communities of microorganisms (bacteria and/or fungi) [30] are embedded into a self-produced matrix
of extracellular polymeric substance (EPS). EPS contains proteins, glycoproteins, and polysaccharides
and confers the ability to adhere to biotic or abiotic surfaces [31]. Clinically, biopsy tissues are the most
reliable samples for revealing biofilms in deep tissues. However, the use of swabs to collect biofilm
samples from the wound surface is considered an improper technic because of contamination from the
skin microbiota, the difficulty in detaching the biofilm from the host epithelium, and the growth of
anaerobes in the deep tissues. If a moderate to severe soft tissue infection is suspected and a wound is
present, a tissue sample from the base of the debrided wound should be examined. Biofilms in tissue
samples are commonly quantified through microscopy. Techniques such as confocal laser scanning
microscopy and scanning electron microscopy or fluorescence in situ hybridization (FISH) are the most
appropriate for revealing biofilms in biopsies [32].

/——’ﬂ //V @ New planktonic cells
®>,
4

Planktonic cells

- - ;N‘:ﬁ-‘l’r Q_“ :1“ hd‘ ‘\ ; i 1“¥"i“!'.‘::“n“” V%;ﬁfjv“\*;;\‘;:\ﬁ\ﬂ.

by

'. Cocci .. Alternative phenotype
\\ Bacilli @, New phenotype acquired by the primary bacteria
Figure 1. Different bacterial steps of biofilm formation.

Some important features of chronic wounds, and notably DFU, could be noted as follows:
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= Cells included in the biofilm can develop an intracellular communication mechanism called
quorum sensing (QS) [33], which controls bacterial pathogenicity and biofilm formation.
The bacterial density influences the biofilm production [34].

= Microbial cells within a biofilm can detach and disseminate in the wound environment.
The behavior of the released bacteria may differ from that of the pioneering colonizing bacteria
because of adaptation within the biofilm [30,35].

. The concept of FEP was proposed by Dowd et al. after observing that different bacterial species
can collaborate and interact with each other. FEPs are responsible for the chronicity of infection
and for the maintenance of the pathogenic biofilm [7].

3.2. Biofilm Studies in Animal Models of DFU

Several studies have described the presence of biofilms in animal wounds since the early 2000s,
and experimental diabetic models were developed in 2010 (Table 1). Pioneering groups in this field
have shown that in db/db mice (a model of diabetic dyslipidemia), Pseudomonas aeruginosa or S. aureus
biofilms delayed wound healing, and that the diabetic condition slowed down healing and increased
the biofilm thickness [36,37]. Hsu et al. also reported that high glucose levels encourage the formation
of vancomycin-resistant S. aureus biofilms [38]. Other studies have shown that the host response and
neutrophil oxidative burst activity were decreased in the wound, and that oxidative stress and reactive
oxygen species promoted biofilm appearance [39,40]. James et al. suggested that biofilms in wounds
induced oxygen-limiting conditions (and thus stress) by the following two mechanisms: (i) bacterial
metabolic activities and (ii) oxygen-deprivation by the host defenses [41]. These findings were recently
confirmed by Hunt et al., who showed delayed healing in diabetic mice concomitantly with increased
pus production [42]. They also suggested that in db/db mice, the deleterious impact of P. aeruginosa on
wound healing cannot be explained solely by its ability to form biofilms, and that the type-3 secretion
system virulence structure was also involved in the wound damage caused by this pathogen [43]
(Table 1).

Table 1. Examples of biofilm studies in animal models of diabetes.

Animal Model Strain Used Findings Reference
. o Biofilm evidence after a 6-mm punch
db/db mice P. aeruginosa (PAO1) biohey Wotiid.onthe dotsal sk [36]
db/db mice P. aeruginosa (PAO1) Biofilm delays wound healing [37]
TallyHs mifcs (Type 2 Biofilm decreases TLR 2, TLR 4, IL-1«,
4 JP P. aeruginosa and TNF-« expression and neutrophil [39]
diabetes mellitus) s .
oxidative burst activity
BALB/c mice with Vancomycin-resistant Correlation between glucose [38]
injection of STZ S. aureus concentration and biofilm formation :
Oxidative stress and ROS favor biofilm
db/db mice Wound microbiome formation and establish a chronic [40]

wound

Bacteria in biofilm induce oxygen stress
db/db mice P. aeruginosa by producing metabolites and recruiting [41]
defense cells that reduce oxygen

Mice with injection of Biofilm increases wound depth,

P. aeruginosa [42]

STZ mortality rate, and pus production
P. aeruginosa infection is independent of
db/db mice P. aeruginosa its ability to form biofilm and primarily [43]

depends on T3SS

db/db mice—diabetic mice; TLR—toll-like receptor; IL—interleukin; TNF—tumor necrosis factor; ROS—reactive
oxygen species; STZ—streptozocin (a pancreatic (3-cell toxin); T3SS—type-3 secretion system.
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3.3. Biofilm Studies in Human Clinical DFU

Many clinical studies emerged in the 2010s demonstrating the impact of biofilms in chronic
wounds (Table 2). In 2011, Neut et al. published two case studies of diabetic patients with non-healing
ulcers. Using the confocal laser scanning microscope technique, they showed evidence of biofilms
in diabetic wounds [44]. Subsequently, several studies have shown the presence and the impact of
biofilms in clinical DFU. Malik et al. showed that on 162 diabetic foot infections (DFI), biofilms were
present in 67.9% of the cases [45]. Other studies supported this and, in particular, the implication
of S. aureus within the biofilms [46,47]. Oates et al. confirmed the importance of biofilms, using 26
human samples after debridement, employing FISH and scanning electron microscopy [48]. Recent
research has shown that, during infection, in particular at the wound level, a single bacteria species is
not responsible for biofilm formation [49]. Instead, microbes represent a complex polymicrobial biofilm
community communicating with each other [50]. Interactions between microbes are complex and play
an important role in the pathogenesis of the infection. These interactions range from competition
for nutrients to evolving cooperative mechanisms that support their mutual growth in a specific
environment [51]. Proximity and contact between bacteria in the biofilm promote communication
and exchanges. To adapt their behavior, bacteria communicate through diffusible molecules like
homoserines lactones or quinolones for Gram-negative bacteria, whereas Gram-positive cocci use short
peptides [52]. Moreover, this proximity contributes to horizontal gene transfer, providing tolerance to
antimicrobial agents and enhancing survival. Mottola et al. studied 53 staphylococci clinical isolates
from DFU [53]. They discovered that biofilms cells were 10 to 1000 more tolerant to antibiotics than
planktonic cells. In their work, of the 10 antibiotics tested, only gentamicin and ceftaroline were
able to eradicate the biofilms. It has been reported that bacterial biofilms are also highly resistant to
ultraviolet and heavy metals [54]. In addition to bacteria, fungi, especially Candida, are present in DFU
biofilm-associated wound samples [55].

Table 2. Examples of biofilm studies in clinical human DFU.

Model N° of Patients Biofilm Visualization Findings Reference
DFU 2 CLSM Evidence of biofilms [44]
DFU 162 Microtiter plate assay Piaslons in B¢ e of infected [45]

DFUs
Observation of the formed
DFU 26 FISH and ESEM biofilms and their bacterial [48]
constitution
DFU 357 Crystal violet Sasnmtonms the SR [46]
biofilms
CongoRed e tisue ot rmton e of
DFU 100 culture plates, and ax '35 S Bt s d’ [47]
crystal violet staining aureus (38.8% of isolates) an
MDR bacteria (46.3%)
Calg.ary b}ofllm B l.ld Biofilms are resistant to
RO antibiotics at concentrations
PEH 22 angl FCR C?f Brhee 10-1000 times higher than those (23]
associated with biofilm : ; :
f : required to kill planktonic cells
ormation
Microtiter plate assay Presence and importance of
DFU 155 and ELISA, XTT non-Candida albicans species in [55]
formazan, and SEM biofilms
Microtiter plate assay Polymicrobial biofilms are
DFU % and FISH thicker (561

DFU—diabetic foot ulcer; CLSM—confocal laser scanning microscopy; ELISA—enzyme-linked immunosorbent
assay; ESEM—environmental scanning electron microscopy; FISH—fluorescent in situ hybridization;
MDR—multidrug resistant; PIA—polysaccharide intercellular adhesin; SEM—scanning  electron
microscopy; XTT—2H-tetrazolium-5-carboxanilide.
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3.4. Factors Influencing Biofilm Formation in DFU

DFUs are mainly colonized by commensal bacteria. Numerous papers have analyzed the DFU
microbiome, showing that the wounds contain commensal microorganisms from different niches [57,58].
Allof these studies highlight the high bacterial complexity of wounds. This complexity is one of the major
characteristics of DFU, and the lack of knowledge regarding the interactions of these microorganisms in
the wound renders these infections as being complicated to manage [59]. The microorganisms appear
to be organized as multi-layered communities surrounded by a self-produced protective extracellular
matrix, and are organized into different FEPs [7]. Biofilm formation is a multistep process, including
random settlement of early bacterial colonizers, with increased competition among species and niche
differentiation, resulting in highly heterogeneous biofilms [30]. The biofilms detected in patients
with foot ulcers may be responsible for the delayed healing of these chronic wounds [18]. Moreover,
the presence of some bacterial communities in the initial stages of the wounds has been associated
with delayed healing [24].

Several microbial and host factors specific to DFU may interfere in the development and feature
of the biofilms:

- High bacterial diversity [7,15,60,61], including opportunistic pathogens [16] and anaerobic
bacteria [57,62].

- Increased S. aureus population [15], particularly in neuropathic DFUs [61]. However,
their microbiota present a similar level of richness (number of different species in the wound
community), abundance, and diversity compared to other chronic wounds [63], suggesting that
the microbiota is not influenced by the wound type.

- The wound depth with a more diverse and complex microbiota in the deep part of the wound [64]
where pathogenic, particularly anaerobic, bacteria are sheltered.

- Environmental factors (e.g., demographic characteristics, personal hygiene, geographical location
of the patient, high glycemic level, and previous exposure to antimicrobial therapy) [65].

- Patient immune status that modifies the role of low-virulence bacteria (e.g., Staphylococcus
sp. and corynebacteria) towards a higher pathogenicity [66], and where excessive secretion
of pro-inflammatory cytokines, pH, temperature, or antimicrobial treatment (topic or systemic
administration) [67] can increase tissue destruction [68].

- DFU duration is positively correlated with the ecological diversity of the bacteria present in the
wounds, species richness, and relative abundance of Proteobacteria. It is also negatively correlated
with the relative abundance of staphylococci [69].

- Local tissue hypoxemia is often observed as a result of obstructive arteriopathy. This hypoxic
environment influences bacterial diversity, with a higher prevalence of proteobacteria and strict
anaerobic bacteria in deeper ulcers [61,68].

- The development of a “unique microbiota” in each DFU (new or recurrent) [17].

3.5. Bacterial Organization Inside DFU

The main characteristic of DFU is the polymicrobial content that modulates bacterial
virulence. Within DFU, microorganisms form a complex polymicrobial biofilm community and
intercommunicate [7]. As described above, bacterial interactions play an important role in pathogenesis,
competing and cooperating in order to support their mutual growth in a specific environment [51] via
interactions through diffusible molecules [52].

The most studied bacterial interaction in DFU is the cooperation between S. aureus and P. aeruginosa,
despite the location of P. aeruginosa being deeper in the wound bed than S. aureus [70]. Many substances
produced by P. aeruginosa may play a protective role for S. aureus [17,70-74]. In a rat model of orthopedic
wounds, even a low presence of both P. aeruginosa and S. aureus increased their infection rates in
the wound [75]. A similar synergistic cooperation between P. aeruginosa and S. aureus also increased
their tolerance to antibiotics, ability to form biofilms, and the secretion of virulence factors (hydrogen
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cyanide, exoenzyme S, exotoxin A, and pyocyanin for P. aeruginosa, and Panton-Valentine leukocidin
and o hemolysin for S. aureus) [76]. These interactions can also be competitive, as exemplified by the
competition for iron or the one-way growth inhibition of S. aureus [37,77]. Indeed, P. aeruginosa can
simultaneously suppress S. aureus growth and enhance its resistance to aminoglycosides [71].

Other bacterial interactions have also been described. For instance, the combined inoculation of
different pathogenicbacteria (Escherichia coli, Bacteroides fragilis, and Clostridium perfringens) increased the
mortality rate in type-2 diabetic mice compared with those receiving inoculation of single strains [78].
Competition between commensal and pathogenic bacteria has been observed during cutaneous
colonization [79]. In contrast, Helcococcus kunzii (a commensal Gram-positive coccus) and S. aureus
cooperation led to a decrease of S. aureus virulence in Caenorhabditis elegans [80]. S. aureus shifts
toward commensalism in response to Corynebacterium sp. [81]. Moreover, S. epidermidis, a commensal
bacterium, produces a serine protease (Esp) that inhibits S. aureus biofilm formation [56,82]. Finally,
the co-culture of Fusobacterium nucleatum (ATCC 25586) with Prevotella intermedia/Prevotella nigrescens
promotes biofilm formation compared with single cultures [83].

Another pertinent aspect of polymicrobial biofilms in DFU is their ability to adapt under various
circumstances via enhanced metabolic cooperation and gene regulation between sessile cells. Biofilm
diversity promotes its survival by creating a thicker biofilm, resulting in more severe infections. In this
context, Mottola et al. reported that the biofilms formed by P. aeruginosa and Enterococcus faecalis and
Acinetobacter baumannii, and S. aureus resulted in a thicker biofilm than the bacteria alone, which were
difficult to eradicate [84]. Furthermore, these microbial communities are heterogeneous. Interestingly,
fungi can also form biofilms. Both yeasts and filamentous fungi can adhere to biotic and abiotic
surfaces, and form highly organized communities that are resistant to antimicrobials and environmental
conditions. Many fungi have been correlated with biofilm formation, however, Candida biofilms remain
the most widely studied. The biofilms formed by yeast and filamentous fungi present differences,
and studies of polymicrobial communities have become increasingly important. Interactions have
been observed between bacterial and fungal species in chronic wounds [55]. Infections that are
thought to involve polymicrobial biofilms are most frequently associated with the abiotic surfaces of
indwelling medical devices. In a review written by Lynch and Robertson [85], they highlighted the
indwelling medical devices commonly associated with biofilm formation. In all of the devices tested,
the principal pathogen responsible for the biofilms was a bacterium, however in 70% of cases, fungi was
found as a secondary species. Among fungal pathogens, Candida albicans, a commensal mucosal
organism and opportunistic pathogen of the immunocompromised, was most commonly associated
with biofilms. Numerous studies have described co-infections of fungi and bacteria in different
diseases. For example, cystic fibrosis lungs are a major site of polymicrobial infection, with bacteria
such as P. aeruginosa, S. aureus, Burkholderia cepacia, A. baumannii, and Haemophilus influenzae mixed
with C. albicans, A. fumigatus, and Scedosporium sp. [86]. In a DFI context, Kalan et al. showed that the
presence of fungal communities in the polymicrobial biofilms of chronic wounds is associated with a
poor prognosis and delayed healing [87]. Further studies are needed in order to fully elaborate on the
role of each microorganism in the polymicrobial biofilms of DFU.

4. Clinical Impact of Biofilms in DFU

As biofilms are implicated in 60 to 80% of chronic wounds [29,88], the clinical impact of biofilms
is particularly relevant. For clinicians, the main difficulty is in distinguishing between infecting and
colonizing bacteria. Misidentification can lead to inappropriate antibiotic prescriptions that may
contribute to the emergence of multidrug resistant (MDR) bacteria, a major DFU health issue [30].

4.1. Antibiotics Resistance

Sessile cells involved in biofilm formation display different characteristics compared with
non-biofilm-associated cells (i.e., planktonic cells) [89]. In particular, sessile cells show a higher tolerance
towards antimicrobial agents, one of the main causes of treatment failure [90,91]. Antimicrobial agent

45



Infection des plaies chroniques & Biofilms

Microorganisms 2020, 8, 1580 8of 15

tolerance arises by several mechanisms, namely: (i) inability of drugs to penetrate through the polymeric
matrix; (i) the lack of intracellular accumulation of antibiotics due to impermeability (e.g., excessive
production of glucans by P. aeruginosa) or active efflux (e.g., increased expression of efflux pump
genes in Gram-negative bacilli); (iii) the presence of sessile bacteria, whereby cells are metabolically
inactive and thus tolerate the antibiotic action better; and (iv) the importance of horizontal gene
transfer between bacteria for the diffusion of resistant traits [92,93]. Biofilms increase the opportunity
of gene transfer of virulence factors and antibiotic-resistant genes to susceptible bacterial species.
The rate of mutation occurring in biofilms is markedly higher compared with planktonic cells [94].
In addition, (v) stress response to hostile environmental conditions (e.g., leading to an overexpression
of antimicrobial agent-destroying enzymes) can result in an altered microenvironment inside the
biofilm matrix (pH and oxygen content) and may contribute to enhanced degradation of antimicrobial
agents in the biofilm matrix [95]. Finally, the hypoxic environment present in DFU also modulates the
tolerance of bacteria to some antibiotics. For instance, the in vitro bactericidal effect of vancomycin on
S. aureus isolates is lower in anaerobic conditions [96].

4.2. Host Immune Response

Pioneering colonizing bacteria released from the biofilm can adapt to their environment and
form a new biofilm. To our knowledge, the only study conducted in this field focused on Klebsiella
pneumoniae [35]. In addition, EPS is a mechanical barrier to antimicrobials, as well as to immune system
cells [97]. Bacteria within biofilms evade the host’s natural defenses and are resistant to the host immune
defense by different mechanisms, including the following: (i) limited penetration of leukocytes and
their products into the biofilm [98]; (ii) global response regulators and quorum sensing, which protect
the biofilm bacteria [99]; (iii) decreased phagocytic capacity of host cells against biofilm bacteria [100];
(iv) genetic switches that increase the resistance of biofilm bacteria [101]; and (v) suppression of the
leukocyte effector function, including softening the magnitude of the respiratory burst [102]. Indeed,
stimulation of the immune system without effectively eradicating the infection causes collateral damage
to surrounding tissue and causes chronic inflammation [103]. This persistent chronic inflammation,
added to the diabetic immune context, leads to the production of auto-inflammatory cytokines that
aggravate the wound and slow the healing process.

5. Therapeutic Perspectives

Biofilms have a crucial role in DFU and DFIs and contribute to delayed healing. They are
especially difficult to treat using classical antibiotics because of EPS, which prevents diffusion into the
biofilm. They also support gene transfer, the selection of strains with beneficial characteristics, and the
development of new bacterial characteristics. This difficulty in treating DFU/DFI could be enhanced in
the context of the diabetic environment.

Biofilms encountered in chronic wounds, such as DFU, are highly polymicrobial, which can
enhance bacterial interactions. Bacterial cooperation is key to understanding the formation and
regulation of biofilms at a wound level, but also for highlighting new therapeutic targets. The available
approaches against biofilms are quite limited, and new prevention, diagnosis, and treatment methods
are crucially needed, particularly because of the extent of the MDR bacteria in this pathology.

Targeting biofilm formation could be an interesting strategy to prevent or at least reduce this
problem. Classically, clinicians reduce the bacteria load (constituting commensal and pathogen
species) resulting from the biofilm organization and FEP. The best method involves physical removal,
also called debridement, of the infected tissue in order to improve healing [104,105]. It is often
performed using surgical instruments or by irrigation [105], and is the initial and essential stage in
the management of infected wounds. This strategy is still the preferred method used to prepare the
wound bed and to promote moist wound healing, but it might not completely remove the biofilms
immediately. Therefore, it must be repeated at regular intervals [104]. The results obtained with
ultrasound debridement could represent a promising approach [106]. Other approaches could be
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proposed with the aim to inhibit bacterial adhesion or biofilm metabolism, such as (i) blocking
bacterial adhesins (using ions chelators such as ethylenediaminetetraacetic acid (EDTA) and citrate,
the most promising compounds of this class [107]), (ii) inhibiting the adhesion structure biogenesis
(e.g., plant-derived natural compounds [108]), (iii) modulating QS (e.g., furanone [109], savarine [110],
or deferiprone [111]), and (iv) enhancing bacterial dispersion (such as the x-amylase enzyme [112],
2-aminoimidazole [113], or Cis-2-decenoic acid [114]). Physical inhibition could also represent an
interesting method, such as photodynamic therapy-induced pathogen cell death by killing sessile
bacteria [115].

Some antimicrobial strategies as alternatives to antibiotics have also be developed, such as
phagotherapy [116,117], nanotechnologies [118], antimicrobial peptides (AMP) [119-121], or agent
mimicking AMPs [122], as well as natural compounds (such as honey [123]). These approaches have
an interesting potential, but further studies are required to really understand the mechanism of action
of each of these solutions and to improve their role in DFI management.

Researchers are now aware of and consider the polymicrobial characteristics of DFI and biofilms.
Further studies on bacterial interactions are required in order to really understand the pathophysiology
and to help with the development of new therapeutic tools that will target polymicrobial biofilms.
This needs to be done through the development of (i) validated, consistent, and robust animal wound
models reproducing the clinical situation and biofilm constitution; (ii) ex vivo and in vivo imaging
technologies to visualize bacterial biofilms and to confirm their eradication; and (iii) “omics” tools to
detect biofilm formation at the bedside and to evaluate the best course of action for the debridement.

6. Conclusions

Biofilms have a crucial role in DFIs and contribute to delayed healing. These wounds are
characterized by a complex microbiome and a polymicrobial organization, especially within the biofilm.
Even if most experimental biofilm studies provide descriptive and interesting information, they are
derived from in vitro studies or non-adapted in vivo models. The development of processes and
methodologies to study biofilms is needed. This represents the next step to validating new antibiofilm
molecules with a promising therapeutic potential.
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4. Méthodes d’étude du biofilm

Il existe différentes méthodes d’étude du biofilm.

Les techniques de visualisation de biofilm reposent principalement sur
l'utilisation de colorants. La culture sur Rouge Congo Agar permet la détection des
souches productrices de biofilm. Une fois ensemencées sur ce milieu, les souches
exprimant le PIA donnent des colonies noires contre des colonies rouges pour les
souches PIA négatives 3. Cette technique présente des limites pour I'identification
des souches au phénotype variable. La méthode en tube permet I'évaluation
qualitative de la présence de biofilm. Aprés culture en milieu liquide dans un tube
microbiologique, les tubes sont lavés au PBS puis séchés avant coloration au cristal
violet. La formation de biofilm est considérée comme positive lorsqu’un film visible
recouvre les parois et le bas du tube 138, Ces techniques, méme si elles renseignent
I'aspect qualitatif a la production de biofilm, ne permettent pas de rendre compte de la

biomasse bactérienne présente a l'intérieur de 'EPS.

La plus répandue des techniques permettant la quantification du biofilm est la
formation de biofilm en microplaque. C’est la méthode la plus simple a mettre en
ceuvre et la moins colteuse. Son principe repose sur la formation du biofilm dans une
plaque 96 puits et sur la quantification des bactéries sessiles par coloration puis lecture
d’absorbance, ou par dénombrement '3°. Parmi les méthodes les plus utilisées on
notera les techniques de comptages direct qui aprés désagrégation des bactéries du
biofilm par sonication ' ou agitation avec des billes de verre ' permettent
'ensemencement sur milieu gélosé afin de quantifier le nombre de micro-organismes
viables cultivables dans I'échantillon. Le test de coloration au Cristal Violet permet
aussi la quantification de la densité bactérienne présentent dans le biofilm. Le cristal
violet est un colorant basique qui se lit sur les bactéries et les exopolysaccharides dans
la matrice extracellulaire du biofilm. Aprés coloration de la biomasse bactérienne, la
lecture de [l'absorbance a 540 nm permet une quantification relative des
microorganismes présents dans I'échantillon '%2. Le modéle Calgary '3, systéme
adapté, permettant la détermination de la concentration minimale éradiquant le biofilm
fait partie des techniques les plus répandue a ce jour. L’une des limites majeures de

toutes ces méthodes destructrices repose sur les nombreux ringages a effectuer avant
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quantification afin d’éliminer les bactéries planctoniques non adhérées. Dans ce
contexte, des techniques alternatives n’utilisant pas de colorant ont été développées
permettant, entre autres, de mesurer la formation de biofilm, via [l'utilisation de
microbilles para électromagnétiques '#* (Figure 4). Cette méthode renseigne via le
phénoméne d’adhésion bactérienne, la capacité d’une souche a former un biofilm.
Toutefois, une critique émise de la technique d’agrégation des billes para
électromagnétiques est qu’elle ne permet pas la visualisation ou la quantification a
proprement dit d’'un biofilm mature. Enfin tous les micro-organismes vivants
contiennent de I'Adénosine TriPhosphate qui peut étre extrait et dosée a l'aide de
'enzyme Firefly-luciférase. La quantité de lumiére produite par cette réaction
enzymatique peut étre ensuite mesurée et est directement liée a la quantité d’'ATP, et
par extrapolation, au nombre de cellules microbienne présente dans I'échantillon 4%,
Cependant 'usage de cette technique peut étre influencée par la présence de métaux
ou d’acides présents dans les milieux de culture bactérien. Ces composés interférent
avec la réaction et peuvent fausser les analyses. De plus cette méthode nécessite un

prétraitement des cellules aux diméthylsulfoxyde, composé toxique.

MELANGER ATTENDRE LIRE
Milieu de culture
+ o
Microplaque 96 puits + particules paramagnétiques Incubateur Magnétisation + Analyse dimage
\
e .
Bloc porte-aimants
e B o\
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Particules immobilisées
Biofilm Spot absent
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Figure 4 : Principe du suivi de la formation de biofilm grace a des billes para
électromagnétiques (BRT®)

Source : Biofilmcontrol.com
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Tous les modéles décrits précédemment ne permettent pas de prendre en
compte les forces de flux qui s’exercent lors de la formation d’un biofilm in vivo. Aussi,
des modeéles en flux ont été développés pour renouveler le milieu de culture, mimant
le flux sanguin et 'acheminement des nutriments et de 'oxygéne '46. Dans un premier
temps des modéles de cuves a flux continu (dits « flow cell ») ont été développés. Les
flow cell permettent la formation d’un biofilm a l'interface solide-liquide en présence
d’'une force de cisaillement et d’'un apport continu d’éléments nutritifs. Ce systéme
reproduit assez bien les conditions auxquelles sont exposés les bactéries dans leur
environnement naturel. De plus, il permet de visualiser facilement le biofilm sous un
microscope inversé classique ou confocal 7. Toutefois, I'inconvénient notable de la
technique réside dans le fait qu’elle est tres laborieuse a mettre en place au laboratoire.
L’absence d’automatisation ainsi que l'impossibilité a lancer un grand nombre
d’expérience en méme temps sont également des points négatifs de la technique. Plus
récemment, des systémes de micro fluidique ont été développés et adaptés a I'étude
des biofilms permettant la formation de biofilm dans des canaux de micro fluidiques
reliant des puits d’'une microplaque 24 ou 48 puits '8 (Figure 5). Les avantages de
cette technique résident, en plus du renouvellement de milieu, dans la possibilité de
positionner un microscope sous la chambre de formation du biofilm permettant la
visualisation en temps réel des différentes étapes du cycle de vie en biofilm ainsi que
le criblage haut débit de différentes conditions expérimentales.

Pression exercée
permettant un débit contrdlé

Interface air/liquide l m I -

T
o _\Ti,/ Puits de sortie

Puits d'entrée

"

Canal micro fluidique Biofilm formé

Microscope

Figure 5 : Principe des techniques de micro fluidique

Source : Fluxion.com
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Plusieurs méthodes de microscopie permettent de visualiser les biofilms. La
microscopie optique permet la visualisation, aprés coloration ou non des biofilms 149,
La microscopie a fluorescence est tres utilisée et permet via I'utilisation de marqueurs
ou de sondes fluorescentes, la visualisation de composés spécifiques du biofilm 150,
L’utilisation notamment du marqueur Live/Dead composé du SYTO 9 (marqueur vert
se fixant sur toutes les cellules) en combinaison avec I'iodure de propidium (se fixant
uniquement sur les cellules endommagées ou mortes) permet I'étude de la viabilité
bactérienne et la quantification de la biomasse avant et aprés traitement du biofilm
bactérien '°'. La microscopie confocale permet d’apporter une information
supplémentaire par rapport a I'épifluorescence en générant une image en 3D par
empilement des stacks. On notera aussi l'utilisation de la microscopie électronique a
balayage et de la microscopie a force atomique pour I'étude poussée des structures

en biofilm 192,

Enfin, l'utilisation de modéles in vivo est essentielle puisqu’ils apportent des
informations complémentaires et nécessaires a la recherche de nouvelles molécules
thérapeutiques visant le biofilm. Cependant ces modéles restent aujourd’hui trés
difficiles a mettre en place car complexes, colteux et relevant des questions éthiques.
On notera le développement de modéles sur Caenorhabditis elegans (C. elegans) %3

ou sur Zebrafish, Danio rerio '®* pour I'appréhension des études du biofilm.

5. Stratégies thérapeutiques dans la prise en charge des

plaies chroniques

Les traitements généraux associés aux plaies chroniques reposent surdes

traitements locaux impliquant :

- Des soins de la plaie qui permettent I'élimination des tissus
nécrotiques et de I'exsudat comprenant le lavage et le débridement
de la plaie '%°. Le débridement consiste a retirer les tissus fibrineux,
nécrotiques, dévitalisés et/ou infectés, les corps étrangers, les
débris ou les fragments d'os présent au niveau de la plaie 196, ||

existe plusieurs types de débridement: mécanique, autolytique,
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enzymatique et enfin chirurgical '’. Le débridement chirurgical est
la méthode habituellement la plus utilisée. L’objectif de cette étape
dans la prise en charge de la plaie chronique est le contrdle de la
charge bactérienne qui permet de faciliter la cicatrisation. |l permet
en effet la stimulation de la plaie pour la convertir en plaie aiglie en
redémarrant par le saignement, la phase initiale du processus de
cicatrisation. Le débridement fait partie du protocole standard de
soins d’une plaie profonde en association avec la décharge 8.

- L’application de pansements qui préparent efficacement le lit de la
plaie a la cicatrisation dirigée '%°.

- Dans certains cas, l'utilisation de la thérapie par pression négative
est recommandée. La dépression absorbe I'excés d’exsudat en
maintenant des conditions humides, elle réduit la contamination
bactérienne et stimule la microcirculation en périphérie de la plaie
160

- Enfin, la solution chirurgicale peut étre également envisagée. Elle
permet de fournir a la plaie les éléments de cicatrisation nécessaire
dont font partie les facteurs de croissance, les cellules épidermiques

ou encore des cellules matricielles 161,

Le traitement systémique repose lui sur l'utilisation d’une antibiothérapie
adaptée en fonction des bactéries identifiées au niveau de la plaie et de leur profil de
sensibilité aux antibiotiques. La durée du traitement se base sur I'évolution clinique 62,
Toutefois, compte tenu de la complexité microbiologique présente sur la plaie
(présence de biofilm, interactions bactériennes, augmentation du pourcentage de BMR
isolées...) le choix pour le clinicien de I'antibiothérapie la plus adaptée est difficile. Le
mauvais usage des antibiotiques que ce soit par un usage abusif ou par un mauvais
choix d’antibiotique a prescrire, accélere le phénoméne de résistance des micro-
organismes aux antibiotiques '63. La sensibilit¢ aux antibiotiques par rapport aux
bactéries planctoniques est différente chez leurs homologues sessiles 164165, En fait,
les bactéries d’'un biofilm peuvent étre de 10 a 1000 fois plus résistantes aux agents
antimicrobiens 6. Ce mécanisme de tolérance peut étre liée a 'EPS secrétée par les
bactéries sessiles qui constitue une barriere physique empéchant la pénétration des

antibiotiques. Les charges électrostatiques a la surface de la matrice polymérique
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peuvent aussi lier certains agents antimicrobiens '%7. Le métabolisme des bactéries au
sein d’un biofilm joue également un réle trés important. Etant donné la faible
concentration de certains nutriments et le gradient en oxygéne présent, certaines
cellules du biofilm sont inactives métaboliquement et peuvent méme étre sous forme
dormante ; ces cellules bactériennes dormantes sont d’ailleurs probablement
responsables d’'une grande partie de la tolérance associée aux biofilms %8, De plus,
la proximité des bactéries au sein du biofilm favorise le transfert horizontal de génes
et ainsi 'augmentation des résistances aux antibiotiques %°. Egalement, les taux de
mutation survenant dans les biofilms sont nettement plus élevés que celui rencontrés
chez les cellules planctoniques. De plus, la réponse au stress a des conditions
environnementales hostiles peut entrainer une modification du microenvironnement a
l'intérieur du biofilm (pH et teneur en oxygéne) et peut contribuer a une dégradation

accrue des antimicrobiens 179,

Aussi, les biofilms sont polymicrobiens, la sensibilité aux antibiotiques est
souvent hétérogéne ; certaines espéces étant sensibles a I'antibiotique donné et pas

les autres.

Cette sélection de clones bactériens résistants est aujourd’hui un probléme
dans la prise en charge des plaies chroniques puisqu’on estime que plus de 10% des
bactéries isolées sur des infections de plaies chroniques sont des BMR "', Le
meésusage des antibiotiques engendre des conséquences dramatiques tant sur
l'inefficacité de répondre au besoin de soin du patient que sur I'aggravation de

I'infection.

Il est, en outre, absolument nécessaire a I'’heure actuelle de développer de
nouvelles approches alternatives pour aider le clinicien dans la prise en charge des
plaies chroniques. La recherche de ces nouvelles stratégies devra prendre en compte
les micro-organismes isolés au niveau de la plaie mais également I'environnement

dans lequel ils évoluent.
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Résumeé travail n°2 :

Cette revue de la littérature a comme but de s’intéresser a la prise en charge
actuelle des UPD mais surtout d’énoncer de potentielles nouvelles solutions de
gestion de ces infections comme, par exemple, les solutions antibiofilms. Ces
stratégies novatrices pourraient, en effet, compléter les méthodes thérapeutiques
classiques afin d’améliorer le traitement et la cicatrisation des plaies du pied

diabétique.

Dans une premiére partie de la revue, nous discutons des étapes sur lesquelles repose
la prise en charge classique des UPD et des améliorations possibles. L’utilisation
des antibiotiques sur les UPD infectées est aujourd’hui I'un des seuls moyens de
combattre les micro-organismes causant l'infection. L’antibiothérapie est dans un
premier cas empirique puis le traitement définitif repose sur les résultats de la culture
microbiologique. Toutefois, il semblerait que 74% des UPD ne réagissent pas aux
agents topiques et systémiques. L’efficacité des antimicrobiens topiques est limitée
notamment par 'EPS protégeant les bactéries sessiles. Une des pistes d’amélioration
réside dans [lutilisation de systémes d’administration pouvant apporter des
concentrations élevées d’antibiotiques au sein du biofilm (véhicules biodégradables
tels que les billes de sulfate de calcium ou polyméres naturels ou les éponges de

collagéne).

Dans la partie suivante, nous nous concentrons sur d’autres approches pouvant
étre utilisées pour inhiber la formation du biofilm. La plupart des solutions qui sont
décrites dans cette partie cible différentes étapes de la formation du biofilm et
permettent soit de i) bloquer les adhérences bactériennes (chélateurs ioniques,
propolis, miel, composés dérivés de plantes) ; ii) d’'inhiber le métabolisme du biofilm
(en ciblant le QS ou la synthése des polysaccharides, c-di-GMP) ou iii) d’améliorer la

dispersion bactérienne (composés anti-EPS, nanoparticules, phages).

Enfin, dans la derniére partie nous abordons des approches alternatives
pouvant étre adaptées a la prise en charge thérapeutique des UPD. Dans cette partie
nous décrirons des méthodes physiques moins usuelles telles que l'utilisation de

probiotiques, [I'électrostimulation ou les thérapies au plasma. Nous décrirons
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également la possibilité d’utiliser de nouveaux agents antimicrobiens (peptides
antimicrobiens, cadexomer iodine, guanylated polymethacrylates, métabolites produits
par les bactéries elles-mémes '7?) et le potentiel thérapeutique de nouveaux types de
pansements (next generation antibiofilm carboxymethylcellulose, gel a base de
surfactant, biomatériaux favorisant la régénération de la peau) ou de greffes (allogreffe
de membrane amniotique, substituts de peau, greffes de kératinocytes ou de cellules

souches).

Les biofilms jouant un réle crucial dans les UPD, la recherche doit maintenant
prendre en compte cet écosystéme dans les plaies chroniques afin d’identifier de
nouvelles alternatives thérapeutiques et d’améliorer la gestion des plaies chroniques.
Certaines alternatives présentées dans cette revue sont des stratégies intéressantes
et montrent des résultats prometteurs. Tous ces composés pourraient étre une solution
contre les BMR et le biofilm présent dans les UPD. Cependant, des études
complémentaires sont nécessaires pour comprendre les mécanismes sous-jacents a

I'action de chacun de ces potentiels candidats médicaments.
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Hospitaliére, Clinique du Pied Gard Occitanie, CHU Nimes, Nimes, France, ® Virulence Bactérienne et Infections Chroniques,
INSERM U1047, Université de Montpellier, Service des Maladies Métaboliques et Endocriniennes, Clinique du Pied Gard
Occitanie, CHU Nimes, Le Grau-du-Roi, France, * Virulence Bactérienne et Infections Chroniques, INSERM U1047,
Université de Montpellier, Service des Maladies Infectieuses et Tropicales, Clinique du Pied Gard Occitanie, CHU Nimes,
Nimes, France

Diabetic foot uicers (DFU) represent a growing public health problem. The emergence
of multidrug-resistant (MDR) bacteria is a complication due to the difficulties in
distinguishing between infection and colonization in DFU. Another problem lies in biofilm
formation on the skin surface of DFU. Biofilm is an important pathophysiology step in
DFU and may contribute to healing delays. Both MDR bacteria and biofilm producing
microorganism create hostile conditions to antibiotic action that lead to chronicity of
the wound, followed by infection and, in the worst scenario, lower limb amputation. In
this context, alternative approaches to antibiotics for the management of DFU would be
very welcome. In this review, we discuss current knowledge on biofim in DFU and we
focus on some new alternative solutions for the management of these wounds, such
as antibiofilm approaches that could prevent the establishment of microbial biofilms and
wound chronicity. These innovative therapeutic strategies could replace or complement
the classical strategy for the management of DFU to improve the healing process.

Keywords: alternative therapeutic approaches, biofilm, chronic wound, diabetic foot, antibiofilm

INTRODUCTION

Diabetic foot ulcers (DFU) have a lifetime prevalence of 15-25% (Armstrong et al., 2017). Infection
is the most common, severe and costly (Prompers et al., 2008) DFU complication with high risk of
mortality and morbidity associated with lower limb amputation (Bakker et al., 2016). The diagnosis
of diabetic foot infection (DFI) is often difficult, leading to the inappropriate use of antibiotics. The
bacterial organization in DFU and the involvement of multidrug-resistant (MDR) bacteria require
new antimicrobial solutions. This review discusses the role of the biofilm in DFU and alternative
approaches to classical treatment that could improve DFU management.

Abbreviations: AMP, antimicrobial peptide; c-di-GMP, cyclic diguanylate; C2DA, cis-2-decenoic acid; DFI, diabetic foot
infection; DFP, deferiprone; DFU, diabetic foot ulcer; DNA, deoxyribonucleic acid; DMSO, dimethyl sulfoxide; EDTA,
ethylene diamine tetra-acetic; EGTA, egtazic acid; EPS, extracellular polymeric substance; FEP, functionally equivalent
pathogroups; MDR, multidrug resistance; MRSA, methicillin-resistant Staphylococcus aureus; MSC, mesenchymal stem cells;
NGAD, next generation antibiofilm carboxymethyl cellulose silver containing wound dressing; QS, quorum sensing.
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Clinical and Translational Relevance

Sixty to 80% of chronic wounds harbor bacterial structures
in a biofilm (James et al, 2008; Malone et al., 2017a). For
the clinician, the main difficulty is to distinguish between
infecting and colonizing bacteria. Misclassification can lead
to inappropriate antibiotic prescriptions that contribute to
promoting the emergence of MDR bacteria, a major DFU
health issue (Caravaggi et al., 2013). Better understanding of the
bacterial organization of biofilms in chronic wounds would allow
development of tailored antimicrobial strategies and improving
wound healing. In this context, a large majority of current
fundamental studies on DFUs focuses on bacterial cooperation
and the impact of local microenvironment on microorganisms.
Thus, the host-microorganism interface plays a major role in
DFI development. In DFU, bacteria are classically organized in
functionally equivalent pathogroups (FEP) where pathogenic and
commensal bacteria co-aggregate symbiotically in a pathogenic
biofilm to maintain a chronic infection (Dowd et al, 2008).
Polymicrobial biofilms have been observed both in pre-clinical
studies using animal models and in clinical research on DFU.
They represent the main cause of healing delay. Recently, some
approaches have targeted biofilm formation with the aim of
controlling infections (Snyder et al., 2017). Better understanding
of the host-bacterial interactions is essential to develop new
therapeutic solutions that take into account the biofilm to limit
the diffusion of MDR bacteria.

Diabetic Foot Ulcers and Biofilms

Biofilm formation is a multistep process (see for review
Percival et al, 2015) whereby heterogeneous communities
of microorganisms (bacteria and/or fungi) are embedded
into an extracellular polymeric substance (EPS) matrix that
contains proteins, deoxyribonucleic acid (DNA), glycoproteins
and polysaccharides, and confers the ability to adhere to
biotic or abiotic surfaces (Bjarnsholt, 2013). In DFU, the
biofilm architectural structure differs among patients due to
the variability of the involved bacterial genera and species.
Conversely, the multistep formation process is similar. Biofilm
formation is a major mechanism of adaptation that protects
bacteria from antibiotics, due to several characteristics (Singh
et al., 2017). Biofilm structure provides a protective layer against
antimicrobial compounds. Wounds biofilms are polymicrobial,
formed by complex and order combinations of microorganisms.
Hence, compounds produced by different bacterial strains might
impair the contact between the bacterial cell wall and the
antibiotic by changing the composition of the EPS. Finally,
the production of degradative enzymes by different pathogens
can act in synergy against antibiotics. These biofilm aspects are
responsible for a reduced diffusion of the antibiotic within the
biofilm matrix leading to an inefficient activity of the antibiotic
treatment (Sharma et al., 2019). In addition to this feature, the
ability to form a biofilm is an effective strategy to enhance
survival and persistence of microorganisms by increasing
their antimicrobial resistance. The antimicrobial resistance in
organisms producing biofilms acts by delayed penetration of the
antimicrobial agents through the biofilm matrix, altered growth
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rate of biofilm organisms, and other physiological changes due to
the biofilm mode of growth (Donlan and Costerton, 2002).

CLASSICAL STRATEGIES IN THE
MANAGEMENT OF DIABETIC FOOT
ULCERS

The management of patients with a DFU is a multidisciplinary
approach that includes all relevant specialties (i.e., nursing,
orthopedics, plastic surgery, vascular surgery, nutrition,
infectious  diseases, microbiology, and endocrinology
departments) (Cahn et al., 2014). To aid the clinician during the
management of DFUs, classification of stage and severity of the
wound must be established (Lipsky et al., 2020). The classical care
for the control and treatment of DFUs is centered on perfusion,
pressure moderation, control of the infection, control of the
glycaemic balance, foot discharge and debridement (Wu et al.,
2007) (Table 1).

Debridement of the Wound

Debridement consists in the removal of necrotic, devitalized
and/or infected tissue from a wound, leaving healthy tissue
preserved. Surgical debridement is the usual method used. The
objective is to control the bacterial load, which, in combination
with antimicrobial treatment, allows early closure of the wound
(Wolcott et al., 2009). Debridement enables the wound and
surrounding tissues to promote normal healing by removing
infected tissues, biofilms, and senescent cells. Debridement
allows the reepithelialization of soft-tissue by eradication of
(early or established) infection and reduction of bioburden, the
improvement of local blood flow, and the revitalization of the
wound bed. When it was performed correctly, it optimizes the
diabetic wound healing.

Negative Pressure Wound Therapy

Associated with debridement, negative pressure wound therapy
is an airtight open-pore placed onto the wound and covered
by an airtight dressing. Then, the wound is connected to a
vacuum source and a negative pressure is generated. The negative
pressure at the wound site reduces the size of the wound through
contraction; it continuously cleans the wound by removing small
debris through suction and reduces levels of proteases through
wound fluid removal (Apelqvist et al., 2017). The efficiency of
this therapy has been confirmed and it represents an effective
measure of promoting wound healing, although the evidence is
low (Liu et al., 2018).

Antimicrobial Therapy for Infected

Diabetic Foot Ulcers

Antibiotics are not used to manage colonized DFU (Lipsky
et al, 2020). Their use concerned the different stages of
DFI. Antibiotics are mainly empirical in the first instance, in
accordance with the causative pathogen and the severity of
the infection. The definitive antibiotic treatment is changed
according to the microbiological culture and the response of the
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TABLE 1 | In vitro and in vivo effects of the main alternative approaches studied.

Debridement
Negative pressure therapy
Antimicrobial agents

Calcium sulfate beads with
antibiotics

Nanoparticles

Oxyclozanide

Guanylated polymethacrylates

Guar gum-associated nisin

Acapsil

Antiseptics
Cadexomer iodine

Nutraceuticals
Cranberry

Tannic acid

Tea-tree oil and Cinnamon oil

Ellagic acid

Propolis and honey

Probiotics
Phage therapy

Action on wound healing
Photodynamic therapy
Hyperbaric oxygen therapy
Non-thermal plasma

Electrostimulation

In vitro effects

Decreased viability of MRSA strains

Silver nanoparticles affect P aeruginosa biofilm
formation

In vivo effects

Enhance wound closure

No clinical evaluation

No clinical evaluation

Enhances aminoglycoside and tetracycline killing in No clinical evaluation

S. aureus biofilms
Effective killing of C. albicans and S. aureus in
polymicrobial biofilms

Untested in human DFU

References

Apelquist et al., 2017; Liu et al., 2018

Price et al., 2016

Beyth et al., 2015; Ahmadi and
Adibhesami, 2017; Hamdan et al., 2017;
Mihai et al., 2018

Maiden et al., 2019

Qu et al., 2016

Reduction of biofilm formation by S. aureus isolates Evaluation with strains isolated from DFI Cirioni et al., 2006; Dutta and Das, 2016;

from patients

Shorter hospital stay and faster wound
healing

Reduction (1 log10) of microbial load
and biofilm in DFU (11/17 patients)

Inhibition of pilus synthesis and prevention of biofilm Decrease of Escherichia coli, S. aureus

formation

Inhibition of S. aureus biofilm formation by
peptidoglycan cleavage

Effect on MRSA biofilm

Limits S. aureus biofilm formation and enhances

antibiotic susceptibility
Anti-inflammatory and anti-bacterial properties

Lactobacilli antibiofilm activity

Reduction of biofilm formation and infection by
P, aeruginosa, S. aureus, and A. baumannii

Enhanced wound closure time

Alternatives for inhibition of adhesion and biofilm
Inhibition of initial bacterial adhesion

EDTA and citrate

Aryl rhodanines

Prevention of biofilm formation and degradation of

pre-existing biofilm (via Mg2+, Ca2+, and iron
chelators)

Inhibition of biofilm formation by S. aureus and
other Gram-positive bacteria by targeting early
stage of adhesion

Interaction with biofilm metabolism by QS stimulus modulation

Furanone

Sodium ascorbate

Inhibition of biofilm formation and expression of

P, aeruginosa virulence factors
Modulation of QS signal in P, aeruginosa

adhesion

Acceleration of cutaneous wound
healing in rat model

Reduction of the quantity of colonized
MRSA and promotion of healing of
chronic wounds in a clinical trial

No clinical evaluation
Reduction of bacterial load of chronic

wounds in combination with antibiotics

Acceleration of wound healing in mice

Reduction of bacterial load and wound
closure in diabetic mouse wound
infections

Increase of reepithelization
Improvement of short-term healing

Santos et al., 2016; Thombare et al., 2016
Bilyayeva et al., 2017

Schwartz et al., 2013; Malone et al., 2017b

LaPlante et al., 2012

Payne et al., 2013; Orlowski et al., 2018;
Chen et al., 2019

Kwiecinski et al., 2009; Lee et al., 2014;
Cui et al., 2016; Seyed Ahmadi et al., 2019

Quave et al., 2012

Henshaw et al., 2014; Jull et al., 2015;
Martinotti and Ranzato, 2015;
Minden-Birkenmaier and Bowlin, 2018;
McLoone et al., 2020

Vuotto et al., 2014; Vagesjo et al., 2018

Mendes et al., 2014; Fish et al., 2018; Hill
et al., 2018; Morozova et al., 2018; Taha
et al., 2018; Albac et al., 2020; Kifelew
etal., 2020

Tardivo et al., 2014
Kranke et al., 2015

Acceleration of wound healing in animal Chatraie et al., 2018; Cooley et al., 2020

models of ulcers
Evaluation with dressings

Prevention of infection in a rabbit
catheter model (with minocycline)

No clinical evaluation

Decrease of P. aeruginosa virulence

No clinical evaluation

Barki et al., 2019

Raad et al., 2008

Opperman et al,, 2009

Kim et al., 2012; Garcia-Contreras et al.,
2013

El-Mowafy et al., 2014

(Continued)
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TABLE 1 | (Continued)

Savarin

Azithromycin

RNAIl inhibiting peptide
c-di-GMP

Exo-polysaccharides

1,018-peptide and derivates

Deferiprone

In vitro effects

Inhibition of S. aureus biofilm formation (by
targeting agr)

Inhibition of biofilm formation and expression of

P, aeruginosa virulence factors
Reduction of S. aureus virulence

Reduction of biofilm formation in P aeruginosa

and A. baumannii

Reduction of biofilm formation (P aeruginosa)

by targeting virulence factors + PAO1 and
S. epidermidis in co-culture

Disruption of P aeruginosa and B. cenocepacia

mature biofilms
Activity against coagulase-negative
staphylococci

Enzymes enhancing bacterial dispersion

a-amylase
a-amylase and cellulase

DNase, dispersin B

2-aminoimidazole
Lysostaphin

C2DA

Disruption of biofilm formed by S. aureus
Disruption of biofilm

Eradication of single and multi-species biofilms

Disruption of biofilms formed by S. aureus
Eradication of P. aeruginosa biofilms

Dispersion of S. aureus, Action on MRSA
biofilm

Next-generation dressings and grafts

NGAD NGAD + mesenchymal
stem cells

Electrospun nanofibers
Surfactant based gel
Dehydrated amniotic
membranes

Sucrose octasulfate

Skin substitutes

Arenicola marina
Epigel®

Keratinocyte treatment. Skin
grafts (epithelial or fetal cells).
Stem cells. Collagen | matrix.
Human placental tissues.

3D-printed scaffolds

Removal of biofilms by S. aureus and
antibiotic-resistant P. aeruginosa
Prevent biofilm formation and enhance
fibroblast development

Faster wound healing in patients with severe
comorbidities

This new dressing delivers oxygen to the wound

bed, enhancing healing and cell proliferation

This new bioactive hydrogel hydrates the
wound bed

In vivo effects

No clinical evaluation

Improvement of clinical signs in patients
with CF and P, aeruginosa infections

Healing improvement in a chronic
wound mouse model

No clinical evaluation

No clinical evaluation

No clinical evaluation

No clinical evaluation

No clinical evaluation

In vivo disruption but the dispersal can
cause systemic infection

No clinical evaluation

No clinical evaluation

Effective treatment for biofilm disruption
on jugular vein catheters in mice
No clinical evaluation

Evaluation with clinical strains
No clinical evaluation

Reduced bacteria development and
biofilm infection

Lower extremity wounds

Significant increase of wound closure
rate

Fish skin offers natural
anti-inflammatory properties and
promotes growth of new skin. Other
wounds and patients with burns

No evaluation clinical

No clinical evaluation

Improve closure time

Shorter healing time

References

Sully et al., 2014
Bala et al., 2011
Giacometti et al., 2003

Romiling et al., 2013; Lieberman et al.,
2014, Wu et al., 2015

Pinhl et al., 2010; Jiang et al., 2011;
Rendueles et al., 2013; Limoli et al., 2015

Willcox et al., 2008; de fa Fuente-Nunez
etal, 2012, 2014

Coraga-Huber et al., 2018

Kalpana et al., 2012
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empirical treatment (Kwon and Armstrong, 2018). Its duration
will depend on the severity of the infection. However, Walker
etal. (2015) reported that 74% of DFUs did not respond to topical
and systemic agents. Recently, Johani et al. (2018) confirmed
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this observation. Uckay et al. (2018) could not demonstrate
a beneficial effect of topical therapy using gentamicin-sponges
in 88 DFUs. Similar conclusions were drawn for vancomycin
powder, although infections were more superficial in patients
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treated with vancomycin than in controls (untreated) (Wukich
et al., 2015). A recent Cochrane review on this topic indicated
that randomized controlled data on the effectiveness and safety of
topical antimicrobial for DFI are limited (Dumville et al., 2017).

As bacteria in biofilms display 100 to 1,000-fold higher
tolerance to antibiotics, new solutions to deliver antibiotics
at high concentration into the biofilm have been developed.
Delivery systems could be used to administer high concentrations
of antibiotics to the wound with limited side effects.
Biodegradable vehicles, such as calcium sulfate beads, display
a good elution profile and seem to be compatible with many
antibiotics. Natural polymers, such as collagen sponges, are
another emerging delivery system, although data are still limited
for DFU (Markakis et al., 2018). For instance, calcium sulfate
beads are mineral elements that are naturally absorbed into
biofilms and then slowly dissolve to release antibiotics. Price et al.
(2016) showed in vitro that calcium sulfate beads loaded with
gentamicin or tobramycin eradicated Pseudomonas aeruginosa
biofilms in DFU, and also reduced the viability of MRSA strains.
The main problem of this approach is the potential risk of
bacterial resistance selection. Randomized trials are required to
confirm the efficacy of these approaches.

Recently, Maiden et al. (2019) showed that the ionophore
oxyclozanide can enhance aminoglycoside and tetracycline
killing activity in P. aeruginosa biofilms by reducing the
bacterial cell membrane potential and increasing antibiotic
accumulation within the biofilm. Currently, this compound is
mainly used in veterinary medicine for parasitic infections, but
this finding suggests that in combination with aminoglycosides,
oxyclozanide could represent a new antibiofilm agent for chronic
wound treatment.

ALTERNATIVE APPROACHES IN THE
MANAGEMENT OF DIABETIC FOOT
ULCERS

In addition to conventional approaches, new alternative solutions
have emerged in recent years, targeting the bacterial organization
and notably the biofilm formation of DFU (Table 1).

Antimicrobial Peptides and Related
Drugs

Santos et al. (2016) reported that nisin, a bacteriocin against
Gram-positive bacteria, was active against some Gram-negative
bacteria. Nisin promotes the disintegration of the bacterial
cell membrane lipid bilayer by electrostatic interactions. Its
use in DFU requires an effective delivery system. An in vitro
study showed that guar gum-associated nisin reduced biofilm
formation by 23 S. aureus strains isolated from DFU, including
MDR strains (Thombare et al,, 2016). Similarly, citropin is
active against P. aeruginosa and S. aureus without major toxicity
in animal models (Cirioni et al., 2006). However, Dutta and
Das (2016) highlighted the limitations of antimicrobial peptides
(AMPs), especially in terms of production costs, bioavailability,
and difficult clinical translation.
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Guanylated polymethacrylates are a new class of antimicrobial
agents that structurally mimics AMPs and efficiently kills both
fungi and bacteria in polymicrobial biofilms (Candida albicans
and S. aureus) (Qu et al., 2016). A study on 266 patients
with venous leg ulcers and DFU showed that, compared with
gentaxane and iodine/dimethyl sulfoxide (DMSO), Acapsil®
(Willingsford Healthcare), a powder based on a micropore
particle technology, accelerated wound healing and reduced
hospitalization length (Bilyayeva et al., 2017).

Nanotechnologies

Nanotechnology-based therapies open the door to new
therapeutic solutions for chronic wounds (Hamdan et al., 2017).
Nanoparticles made of iron, silver, zinc, or titanium showed
antibacterial activity (disruption of the bacterial membrane)
(Beyth et al, 2015), and due to their high bioavailability,
they can penetrate into mature biofilms and target sessile
bacteria. Therefore, these materials could be used to target
both surface bacteria and biofilm-organized bacteria in deeper
tissues. A recent study showed that the combination of silver
nanoparticles and tetracycline reduced the bacterial load and
promoted healing in wounds inoculated with P. aeruginosa in
mice (Ahmadi and Adibhesami, 2017). A recent review has
summarized nanotechnology-based wound healing approaches
and their benefits (Mihai et al., 2018).

Antiseptics

Topical antiseptics are antimicrobial agents that inhibit or reduce
the number of microorganisms. Unlike antibiotics, antiseptics
have multiple targets and a broader spectrum of activity including
bacteria, fungi, viruses, or protozoa. They have commonly
been used on wounds to prevent or treat infection; however,
antiseptic fluid irrigation have received little scientific study and
their efficiency remain questioned (Lipsky et al., 2020). Indeed,
wound cleansers may affect normal human cells and may be
antimitotic affecting normal tissue repair. Repeated and excessive
treatment of wounds with antiseptics without proper indications
may have negative outcomes or promote a microenvironment
similar to those found in chronic wounds. With the discovery
of polymicrobial biofilms and the emergence of bacteria tolerant
to antiseptics, their effectiveness is even more questionable
(Sheldon, 2005; Ortega Morente et al., 2013; Stewart, 2015).
Following these observations, international guidelines suggest
that antiseptics are not appropriate in the management of DFU
(Lipsky et al., 2020).

However, some recent studies present interesting results.
Products, such as Octenilin® (Schillke & Mayr GmbH),
iodine-based solutions, polyhexamethylene biguanide or silver-
impregnated dressings, are good in vitro candidates (Kucisec-
Tepes, 2016; Pavlik et al, 2019) to reduce biofilms, but
their effectiveness against polymicrobial and complex biofilms
remains to be demonstrated (Khan and Naqvi, 2006). Similarly,
chlorhexidine action is clearly limited on multi-species biofilms
(Touzel et al., 2016). Townsend et al. (2016) developed a new
in vitro inter-kingdom wound biofilm model on hydrogel-based
cellulose to test the efficacy of common topical antiseptics. They
treated biofilms composed of C. albicans, P. aeruginosa, and
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S. aureus with chlorhexidine or povidone iodine, and found
that the structure of polymicrobial biofilms was only slightly
affected compared with that of monomicrobial biofilms. They
also showed that topical antiseptics were less efficient against
polymicrobial biofilms.

Cadexomer iodine is a topical antimicrobial agent that could
be used to deliver iodine into wounds. Iodine can penetrate
the pathogen cell wall and disrupt proteins, as well as the
nucleic acid structure and synthesis. Cadexomer iodine can
be encapsulated within small polysaccharide beads that, in the
presence of the wound exudate, start to swell and release
iodine into the wound. In vivo studies have demonstrated that
cadexomer iodine significantly reduced biofilm and microbial
load in DFU (Schwartz et al., 2013; Malone et al., 2017b).

Nutraceuticals

Nutraceuticals are pharmaceutical alternatives that include all
foods or food products which provide medical benefits and can
be delivered under medical form. These products could present
health benefits, and several plant-derived natural compounds
could prove clinically beneficial.

A study has reported that cranberry extracts inhibited biofilm
production of Gram-positive bacteria (LaPlante et al.,, 2012).
Polyphenolic compounds, such as tannic acid (Orlowski et al.,
2018; Chen et al,, 2019 in a rats model) and tea-tree oil (Lee
et al,, 2014 in a clinical trial), also inhibited biofilm formation
by S. aureus, including methicillin-resistant S. aureus (MRSA)
(Kwiecinski et al., 2009), by cleaving peptidoglycan (Payne et al.,
2013). An active compound found in cinnamon oil has also
been shown to prevent MRSA biofilm formation in vitro (Cui
etal, 2016), and also in a mice model of wound infection (Seyed
Ahmadi et al., 2019). Finally, ellagic acid derivatives also limited
S. aureus biofilm formation and enhanced its susceptibility to
some antibiotics (Quave et al,, 2012). All these compounds must
be clinically evaluated in chronic wounds.

The natural anti-inflammatory and antimicrobial properties of
propolis produced by honeybees are well known. Its regenerative
properties and low cost explain the increased interest in propolis
for promoting chronic wound healing (Henshaw et al., 2014;
Martinotti and Ranzato, 2015). To our knowledge, propolis alone
has not been used in DFU, but a recent review summarized the
effect of propolis with a combination of several antibiotics in skin
problems including wounds (McLoone et al., 2020).

Honey has been used for a long time to treat wounds with no
real proof of its efficiency. A study demonstrated that in animals,
honey has a clear antibacterial effect, but no anti-inflammatory
activity (Jull et al., 2015). Recently, Minden-Birkenmaier and
Bowlin (2018) reviewed the effects of different types of honey
on wound closure and antibiofilm activity. They also discussed
the advantages of honey in the field of tissue engineering and
biomaterials (Cryogels, Electrospun templates, and Hydrogels).

Within a biofilm, intra- and inter-species interactions and
cooperation can be observed at the different stages of its
formation. Another approach could be to harness the bacterial
competition to modify the dispersion or modification of
the growing matrix. Probiotic bacteria, such as Lactobacilli,
could have antibiofilm activities and be good candidates for
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wound treatment (Vuotto et al.,, 2014; Vigesjo et al., 2018 in
in vivo model).

Phage Therapy

There is renewed interest in bacteriophages to fight bacteria. In
this treatment, viruses infect a specific bacterium and reproduce
inside it. Several areas must be investigated to evaluate the
potential of bacteriophages in the therapeutic arsenal (Knezevic
et al., 2021). Indeed, the success of phage therapy is highly
dependent on the efficiency and safety of phage preparations,
which raises manufacturing and formulation challenges. The
production of phages must comply with the strict regulations
that are usually applied for pharmaceutical products to ensure
the high-quality standards appropriate for their intended. This
needs a production with a controlled and reproducible process.
One of the requirements is to avoid phages encoding for
lysogeny, virulence factors or antibiotic resistance. The presence
of impurities such as endotoxins in phage preparations should
also be avoided or be below a threshold. The presence/absence of
neutralizing antibodies binding against phages must be known.
The development of “phagogram” (in parallel to antibiogram)
could be also an important way for the routine use of phage
therapy. However, this could represent another approach for the
treatment of infected wounds with minimal effects on the host
microbiome (Hill et al., 2018; Morozova et al., 2018). Mendes
et al. (2014) tested an in vitro cocktail of bacteriophages targeting
S. aureus, P. aeruginosa, and Acinetobacter baumannii on both
planktonic cells and biofilm-associated cells, and found that it
reduced biofilm formation and infection. Other case reports have
described encouraging results in patients with diabetic foot and
chronic wounds (Fish et al., 2018; Taha et al., 2018).

To date, one of the main limitations is that the evaluation
of phage efficiency has been performed using mainly in vitro
studies and a single species in a biofilm. However, biofilms
in DFU are multi-species, impacting the spatial organization
and the interaction with phages. The specific outcome of phage
infection in a multi-species biofilm seems to strongly depend on
the bacterial species composing the biofilm (e.g., whether they
establish synergist or antagonist interactions). The complexity
of phage-biofilm interactions is increased by evidence of biofilm
formation induced by exposure to certain phages (Lacqua et al.,
2006; Tan et al., 2015; Henriksen et al., 2019). Overall, even if
the potential of phages to control the complex biofilm observed
in DFU is proved, the complexity and diversity of phage-
biofilm interactions could limit broad conclusions and need more
research to claim that phage therapy becomes a real solution in
the DFU situation.

Therapeutic Solutions on Wound Healing

Photodynamic therapy could be an interesting approach to aid
wound healing. In this therapeutic procedure, pathogen cell death
is induced upon exposure to light to generate oxygen species by
activation of a photosensitizing agent. This agent is non-toxic
in the dark, but after illumination, it becomes a very efficient
antimicrobial agent. This method is used mainly in oncology, but
it could also be employed to manage chronic wounds notably
by its ability to prevent amputation in diabetic patients with
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DFU. Indeed, a clinical study showed that all non-treated patients
(n = 16) underwent amputation, compared to only one patient
in the group that received photodynamic therapy (n = 18)
(Tardivo et al., 2014).

Another technology uses non-thermal plasma. Here, plasma is
a partially ionized medium composed of many elements, such as
charged particles (electrons and ions), neutral and excited atoms,
UV photons and radicals. A recent study in rats showed that this
technology could be used on pressure ulcers to accelerate wound
healing (Chatraie et al., 2018). Additional investigations are
needed to determine its value in humans, but recent results using
an in vivo mouse model of type 2 diabetes showed promotion of
bacterial killing of P. aeruginosa and wound disinfection without
metabolic complication (Cooley et al., 2020).

Application of electrical stimulation has also been investigated
in wound repair and regeneration. Wireless electroceutical
dressings were recently tested in a porcine chronic wound
polymicrobial biofilm infection model with P. aeruginosa (PAO1)
and A. baumannii (19606) (Barki et al., 2019). The data suggested
that the dressing disrupted wound biofilm aggregates and
accelerated wound closure by restoring skin barrier function. The
dressing changed expression of P. aeruginosa quorum sensing
mvfR (pgqsR), rhiIR, and lasR genes and silencing of E-cadherin
(a protein required for skin barrier function). Finally, this study
highlighted the rescue effect against biofilm-induced persistent
inflammation by decreased cytokines production.

Finally, hyperbaric oxygen therapy had been used for several
years in the management of DFU. It consists in inhalation of
pure oxygen after entering a special compression chamber. The
treatment aims to increase the oxygen supply to the wound.
However, the value of this therapy is controversial and its effect
seems more due to the foot discharge than the oxygen itself.
In a Cochrane review, the authors concluded that the therapy
improved short-term but not long-term healing in patients with
DFUs (Kranke et al., 2015).

Alternatives in the Inhibition of Bacterial
Adhesion and Biofilm

Inhibition of Initial Bacterial Adhesion

Bacterial growth requires the presence of metals (particularly,
calcium, iron, and magnesium). Ionic chelators could be
used to limit bacterial growth and initial adhesion. Ethylene
diamine tetra-acetic (EDTA) and citrate are the most promising
compounds of this class (Raad et al, 2008). However, the
efficiency of these chelators is dependent on the bacterial strains.
For instance, Abraham et al. (2012) observed that the anti-
biofilm effect varied among S. aureus isolates. Aryl rhodanines
also can inhibit the early stages of biofilm development by
preventing the attachment on the surface of S. aureus and
other Gram-positive bacteria, but not of Gram-negative bacteria
(Opperman et al., 2009).

Inhibiting Biofilm Metabolism

Quorum Sensing (QS) is important for the transition from
antimicrobial-sensitive planktonic cells to antimicrobial-resistant
cell aggregates in a biofilm. In the absence of QS signal,
biofilm formation is inhibited. Many researchers have evaluated
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compounds to modulate QS, such as furanone that inhibited,
among others, P. aeruginosa biofilms (Kim et al., 2012), sodium
ascorbate that modulated the QS signal in P. aeruginosa (El-
Mowafy et al., 2014), savarin (a S. aureus virulence inhibitor)
(Sully et al.,, 2014), and azithromycin in P. aeruginosa (Bala et al.,
2011). Moreover, RNA III inhibiting peptide reduced S. aureus
and Staphylococcus epidermidis virulence and improved healing
in rats (Giacometti et al., 2003). These approaches are efficient
only on a restricted number of bacterial species, and due to their
potential toxicity, they have a limited use. Moreover, it has been
reported that some bacteria isolated from clinical samples have
become resistant to some QS modulators (Garcia-Contreras et al.,
2013), suggesting the emergence of multi-QS inhibitor resistant
bacteria (Koul et al., 2016).

Another approach uses the cyclic diguanylate inhibition.
Cyclic diguanylate (c-di-GMP) is a second messenger that
controls many cellular functions, including biofilm formation.
Various stress factors, such as starvation, reduced c-di-GMP level,
leading to biofilm dispersal (Romling et al., 2013). This study
also found that dispersed cells were more virulent compared
with the first planktonic cells that induced the biofilm and
with biofilm sessile cells. Moreover, small molecules, such as LP
3134, LP 3145, LP 4010, and LP 1062, inhibited a key enzyme
that mediated c-di-GMP synthesis and consequently also biofilm
formation in P. aeruginosa and A. baumannii (Wu et al., 2015).
Unfortunately, these molecules seem to be toxic to eukaryotic
cells. Finally, ebselen inhibited c-di-GMP and displayed good
results on P. aeruginosa biofilms (Lieberman et al., 2014).

The biofilm matrix mainly contains proteins, extracellular
DNA and polysaccharides. Polysaccharides are important for the
early stage of biofilm formation and can protect cells during
biofilm maturation. They also provide the basal biofilm structure
that allows the bacterial community stratification. A recent study
demonstrated that the exo-polysaccharide EPS273, obtained
from a marine bacterium, reduced biofilm formation in
P. aeruginosa by targeting virulence factors (Jiang et al., 2011).
Other antibiofilm polysaccharides have been discovered, for
instance Psl and Pel from P. aeruginosa PAO1 that decreased
S. epidermidis biofilm formation in a co-culture biofilm in vivo
model (Pihl et al, 2010). Other non-bacterial polysaccharides
from animals, plants and algae have also shown antibiofilm
activity (Rendueles et al., 2013).

In stress conditions, bacteria synthesize alarmones (guanosine
tetraphosphate and guanosine pentaphosphate) called (p)ppGpp
(Willcox et al., 2008). The antibiofilm peptide 1,018 inhibited
their accumulation upon nutritional stress and prevented biofilm
formation. Moreover, at low concentration, it eradicated biofilm-
associated bacteria and disrupted mature biofilms. This peptide
and its derivatives HE4 and HE10 were similarly effective against
P. aeruginosa and Burkholderia cenocepacia biofilms (de la
Fuente-Nunez et al., 2014). In addition, peptide 1,037 reduced
biofilms formed by other bacteria (the Gram-negative pathogens
P. aeruginosa and B. cenocepacia, and the Gram-positive Listeria
monocytogenes) (de la Fuente-Nufez et al., 2012).

Finally, a recent study showed that the iron chelator
deferiprone (DFP) affected bacterial biofilm formation and had
synergistic effects (antibacterial activity) with some antibiotic
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compounds against coagulase-negative staphylococci. The
potential of DFP is clearly based on its potentiation of the
antibiotics action, leading to a significant biofilm reduction
(Coraga-Huber et al., 2018).

Promoting Bacterial Dispersion

One promising therapeutic approach consists in targeting
the EPS matrix with dispersing agents in combination with
antibiotics. For instance, the a-amylase (Kalpana et al, 2012;
Fleming et al, 2017) enzyme, which is produced by marine
bacteria, can disrupt polysaccharide bonds. It is now used as a
dispersing agent to target the polysaccharide bonds of the EPS
matrix, leading to biofilm degradation in vitro. Other enzymes
(deoxyribonuclease I, the hydrolases dispersin B and DNase) also
showed EPS matrix-degrading properties (Fleming et al., 2017;
Chen and Lee, 2018; Sharma and Pagedar Singh, 2018).

Some synthetic agents have been developed, such as 2-
aminoimidazole for S. aureus biofilms (Rogers et al., 2010)
and synthetic lysostaphin, an effective treatment for established
biofilm infections on implanted jugular vein catheters in mice
(Kokai-Kun et al., 2009).

In addition, the enzymes proteinase K and trypsin can
eradicate biofilms from a variety of staphylococcal strains on
inert surfaces. However, their efficacy for the elimination of
established biofilms is not well known in vivo, thus limiting their
therapeutic potential. Moreover, this strategy might lead to the
release of bacteria from the biofilm into the blood circulation
that could induce a strong inflammatory response or a systemic
acute infection.

Cis-2-Decenoic acid (C2DA) is a fatty acid chemical
messenger produced by P. aeruginosa that induces the dispersion
of biofilms with S. aureus and other Gram-positive and Gram-
negative bacteria (Davies and Marques, 2009). C2DA controls
the initiation of biofilm formation and the dispersion of mature
biofilms. C2DA can inhibit MRSA biofilm formation/growth, but
cannot eradicate them (Jennings et al., 2012).

New Generation of Dressing and Grafts

Parsons et al. (2016) developed a next-generation antibiofilm
carboxymethylcellulose silver-containing wound dressing
(NGAD). This hydrofiber dressing was designed to disperse
the wound biofilm and to enhance ionic silver antimicrobial
action. The authors showed that NGAD was more efficient
(biofilm disruption and removal) than other commercial
dressings in a large panel of clinical isolates, including S. aureus
and antibiotic-resistant P. aeruginosa. Another in vitro study
conducted on a novel wound-dressing material based on a
matrix of the polysaccharides alginate, hyaluronic acid and
Chitlac-silver nanoparticles concluded that hyaluronic acid was
able to stimulate the wound healing simultaneously to the silver
particles allowing efficient antibacterial activity against biofilms
(Tarusha et al., 2018). Pérez-Diaz et al. (2018) combined these
nanoparticles with mesenchymal stem cells (MSC) that can
improve wound healing due to their ability to differentiate and
release growth factors. In addition to the MSC and nanoparticles,
they used radiosterilized pig skin as a matrix to deliver MSC
into wound beds. In vitro data suggested a decrease of bacterial
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growth and biofilm formation. Finally, Ramalingam et al.
(2019) conducted a study presenting the utility of electrospun
nanofiber containing a natural extract (Gymnema sylvestre) that
prevented biofilm formation, inhibited both Gram-positive and
Gram-negative bacteria, and enhanced human dermal fibroblasts
development in an in vitro model.

A surfactant-based wound gel dressing described in a
porcine skin explant infected with P. aeruginosa (PAO1) biofilm
showed encouraging results. Dressing the wound with this gel
reduced bacteria development and biofilm infection (Yang et al.,
2017). More recently, Percival et al. (2018) highlighted the
effects of a non-ionic surfactant, the Pluronic F127 used in
combination with melatonin and chitosan in a wound dressing.
The microspheres of Pluronic F127 enhanced chitosan properties
allowing antimicrobial and antibiofilm activity against S. aureus
(Percival et al., 2018).

A dehydrated amniotic membrane allograft was used in 22
patients with lower extremity wounds (Lullove, 2017). At week
12 after application of the human amniotic membrane, DFU were
completely healed.

A randomized double-blind clinical trial showed that
sucrose octasulfate significantly improves wound closure
in neuroischemic DFU after 20 weeks of treatment
(Edmonds et al., 2018).

Skin substitutes could be another therapeutic solution in
wound healing. The Food and Drug Administration recently
approved a treatment for wound care involving fish skin after a
clinical trial to determine its effectiveness on burns and different
wound types. Fish skin contains omega-3 fatty acids that have
natural anti-inflammatory properties and can accelerate healing.
An ongoing clinical trial is evaluating an extracellular matrix that
binds to the cells around the wound and promotes the growth of
new skin (see clinicaltrials.gov/NCT01348581).

Arenicola marina is a technology based on the finding
that lack of oxygen in chronic wounds hampers healing
and cell proliferation (Le Pape et al., 2018). HEMHealing®
(Hemarine) provides oxygenation to the wound by including
M101 hemoglobin in the dressing matrix. M101 hemoglobin is
an oxygen carrier that belongs to the extra-cellular hemoglobin
family and is found in the Arenicola marina marine worm.
This hemoglobin can naturally fix oxygen from the external
environment and then gradually release it in the hypoxic medium
to restart the healing process. In a wound context, it could restart
cell proliferation and decrease wound budding.

Skin works as an extracellular matrix that binds to the cells
around the wound and promotes the growth of new skin. Epigel®
(Epinova Biotech) is an innovative patch based on a highly
hydrophilic, biocompatible and bioactive hydrogel scaffold that
supports wound bed hydration, thus reducing healing time.
Clinical trials must be done to evaluate the value of Epigel®
as wound dressing.

Hwang et al. (2019) evaluated allogeneic keratinocyte grafts
(weekly grafts for up to 12 weeks) in 71 patients with intractable
DEFUs. They reported wound healing in 78.8% of patients: 64.7%
with complete healing within an average of 6.1 weeks, and 14.1%
with partial healing and an average 35.5% reduction of the initial
size at the end of the follow up. This treatment seems effective for
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chronic and difficult-to-treat DFUs. In line with other studies [in
fetal cells (Momeni et al., 2019) or epithelial cells (Lo et al., 2019)]
in other wound types, this study showed the benefit of skin grafts
that could represent the future management of chronic wounds.
Indeed, progenitor stem cells present in these grafts can accelerate
wound repair and tissue regeneration, and consequently decrease
the risk of wound infection. A significant number of stem cell
therapies for cutaneous wounds are currently under development
(Kanji and Das, 2017).

Chronic wounds are inflammatory processes that result in
the increase of proteolytic enzymes and degradation of the
extracellular matrix. Two studies investigated the impact of
providing a biocompatible scaffold to support the healing.
They used a purified Type I collagen matrix containing
polyhexamethylene biguanide on patients (n = 8 and n = 41)
suffering from DFU. Their results suggested that the collagen
matrix improved both wound closure and the wound bed
condition (Lintzeris et al.,, 2018; Oropallo, 2019). Finally, a
study investigated the effect of human placental tissues against
P. aeruginosa and S. aureus biofilm (Mao et al, 2018). It
highlighted the fact that both human cryopreserved viable
amniotic membrane and cryopreserved viable umbilical tissue
had antibacterial activity against multiple bacterial pathogens and
demonstrated that these tissues released factors that inhibited
biofilm formation of P. aeruginosa and S. aureus in an ex vivo
porcine model. Recently, use of adipose-derived stem cell
improved wound healing by promoting angiogenesis and/or
vascularization, modulating immune response, and inducing
epithelialization in the wound (Hassanshahi et al., 2019).

The effectiveness of 3D-printed scaffolds in chronic wounds
has not yet been proven, but this seems to be a promising strategy.
Sun et al. (2018) reported that 3D-printed scaffold membrane
alone (n = 1 patient), and 3D-printed scaffold powder mixed
with platelet-rich fibrinogen (n = 2) reduced healing time in
patients with pressure ulcer and/or DFU (Sun et al, 2018).
Another group developed a 3D-printed scaffold that included a
drug delivery system based on the body temperature (Pushparaj
and Ranganathan, 2017). Although this device has not been tested
in vivo yet, it is the first step toward the use of 3D-printed
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scaffolds that incorporate the delivery of drugs (antibiotics or
antibiofilm molecules) to shorten healing time and decrease the
risks of infection and complication.

CONCLUSION

The severity of DFU and the difficulty in treating it has
prompted researchers to take a closer look at these infections
and the associated issues. Biofilms play a crucial role in
DFUs and contribute to delay healing. Research now must
take into account the biofilm bacterial organization in these
chronic wounds in order to identify novel alternative therapeutic
candidates to improve DFU management. As we described
above, alternative strategies such as bacteriophages, probiotics,
AMPs or antibiofilms are exciting strategies and show promising
results. All these compounds could provide solutions against
MDR bacteria. However, additional studies are required to
understand the biofilm bacterial organization in DFU, and also
the mechanisms behind each of the candidates to improve the
wound healing management and thus offer new therapeutic
solution for the management of DFU.
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Une plaie chronique est définie comme une plaie dont le délai de cicatrisation
est allongé. La plaie est considérée comme chronique aprés 4 a 6 semaines
d’évolution non favorable selon son étiologie. L’'un des enjeux majeurs dans la prise
en charge de ces plaies repose dans la distinction précoce de I'infection sous-jacente.
Toutefois, les plaies chroniques étant colonisées naturellement par des bactéries, le
diagnostic clinique est rendu difficile. Il existe en effet un contraste faible entre la
colonisation et le processus d’infection. Il est nécessaire de tenir compte de l'interface
homme-microbe qui est souvent la zone clé dans le développement d'infections des
plaies. A cette interface, le nombre d'espéces microbiennes pathogénes est souvent
tres faible par rapport aux nombreuses bactéries commensales. Mieux définir le
microbiote cutané est essentiel pour comprendre les interactions hote-bactérie qui
conduisent aux infections et aux problémes de cicatrisation. Des études réalisées chez
des patients diabétiques présentant des plaies du pied ont ainsi mis en évidence que
des coopérations entre les bactéries présentes au sein d'une méme communauté

influengaient la chronicité de la plaie 163 23,

Les conséquences cliniques du biofilm sont importantes surtout en ce qui
concerne les mécanismes de tolérance et de résistance aux antibiotiques qui

participent a la sévérité, la chronicité et les récidives des plaies chroniques.

Actuellement, en ce qui concerne les plaies chroniques, la question
fondamentale est de savoir s’il y a des biofiims ‘protecteurs’ (tourné vers la
colonisation) et d’autres qui sont responsables d’infection. Une des hypothéses les
plus usuelle pour répondre a cette question est la supposition des communautés
bactériennes. Elle considére que le biofiim est composé d’une seule « unité
fonctionnelle pathogéne » sans tenir compte singulierement des espéces bactériennes
qui la compose. Ce concept de pathogroupes (ou FEP, functionally equivalent
pathogroups) a été proposé par Dowd et al. '35. Suivant cette hypothése, certaines
especes bactériennes considérées comme non pathogenes seules ou n’étant pas
capables de maintenir une infection chronique, peuvent s’organiser dans un biofilm
pathologique et participaient a la chronicité de la plaie. Des données préliminaires de
ce concept ont été publiées montrant I'existence de différents pathogroupes au sein
des plaies chroniques. Une analyse quantitative de la distance séparant les bactéries

agrégées a la surface de la plaie a montré que P. aeruginosa est retrouvé plus en
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profondeur par rapport a S. aureus et que ces deux bactéries ne sont jamais co-

agrégées 31,

Ces observations démontrent qu’au niveau des plaies chroniques, les bactéries
ont une organisation influengant leur comportement et leur virulence (polymicrobisme,
biofilm, FEP ...). De plus, I'environnement dans lequel se trouvent les bactéries semble
jouer un réle prépondérant dans la pathogénicité de ces derniéres. Toutefois plusieurs
questions restent en suspens : - Quelles relations existe-t-il entre les bactéries et leur
environnement ? - Quelles relations existe-t-il entre les bactéries pathogénes ? -
Quelles relations existe-t-il entre bactéries commensales et pathogenes ? - Comment

le biofilm pathologique est organisé ? - Peut-on éviter ce biofilm pathologique ?

Aussi, une meilleure compréhension des biofilms polymicrobiens observés
dans les plaies chroniques est nécessaire pour améliorer la prise en charge
thérapeutique. Cette compréhension passe notamment par la nécessité de développer
de nouveaux outils ou modeéles in vitro pouvant mimer I'environnement des plaies
chroniques afin d’évaluer I'effet de molécules thérapeutiques. Les objectifs de cette

thése étaient donc :

- La création d’'un nouveau modeéle in vitro dont la composition
permettait de mimer I'environnement stressant observé au niveau

du lit de la plaie chronique,

- D’étudier leffet a court terme (24h) ou dans le cadre d'une
exposition dite chronique (6 semaines) de cet environnement
stressant sur plusieurs caractéristiques bactériennes (virulence,
génomique, fitness, formation de biofilm précoce et mature,
expression de genes impliqués dans la formation et la régulation du
biofilm),

- D’étudier I'interaction entre des espéces fréquemment co-isolées
sur les plaies chroniques. Le but était de renseigner I'impact de la
coopération entre S. aureus et P. aeruginosa sur leur capacité a

former du biofilm et leur potentiel de virulence notamment,

- De mettre au point une technique permettant la formation et la

visualisation en temps réel du biofilm de fagon dynamique avec
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un contrble des parameétres extérieurs (température, vitesse
d’écoulement ...) dans des conditions proches de ce que l'on
observe chez le patient. Un sous objectif de cette partie de la these
était de pouvoir tester l'efficacité de molécules antibiofilms sur un
biofilm polymicrobien en situation semblable a ce qui peut étre

réalisé en clinique.
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PARTIE Il.

MISE EN PLACE D’UN NOUVEL
OUTIL /N VITRO POUR L’ETUDE DES
PLAIES CHRONIQUES : LE MILIEU
PLAIE
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Résumeé travail n°3 :

Les plaies chroniques sont des plaies ouvertes faisant suite a une altération
tissulaire sans tendance a la cicatrisation au-dela de 4 a 6 semaines. Elles sont liées
de fagon constante a des pathologies sous-jacentes dont les plus fréquentes sont le

diabéte sucré et les vasculopathies.

Le diabete sucré concerne en France prés de 3 millions de personnes. La
fréquence des lésions des pieds est élevée dans la population diabétique, bien
supérieure a celle dans la population générale. Globalement, on estime que 15 a 25%
des patients diabétiques présenteront au cours de leur vie une ulcération des membres
inférieurs. Le diabéte sucré est caractérisé par une hyperglycémie entrainant de
nombreuses complications telles que l'ischémie, I'artériopathie et la neuropathie a
I'origine de l'ulcération du pied diabétique. Ces conditions défavorables ajoutée a la
prescription d’antibiotique permettant de controler I'infection de ces plaies, font du pied
diabétique un environnement particulier. La bactérie la plus fréquemment isolée dans
le cas des infections du pied diabétique (IPD) est la bactérie a Gram positif S. aureus.
Notre objectif dans cette étude était donc d’évaluer le comportement de S. aureus dans

un modele in vitro mimant les conditions stressantes observées dans I'lPD.

Dans un premier temps, nous avons développé un modele in vitro modulable
permettant de se rapprocher des conditions environnementales observées dans le
pied diabétique. Ce milieu a permis la culture pendant 24 heures (court terme) ou 16
semaines (long terme) de souches cliniques de S. aureus dans différents
environnements stressants: ajout de glucose (hyperglycémie), ajout de
concentrations subinhibitrices d’antibiotiques couramment utilisés dans le traitement
des IPD (linézolide et vancomycine) ou encore en condition anaérobie. Une fois
'adaptation des souches réalisée dans le milieu, nous avons évaluer par qRT-PCR
I'expression de génes codant pour les principaux facteurs de virulence de S. aureus
(lukF/lukS-PV, edinB, edinC, hla, spa, eap, fnbpA) ainsi que le régulateur global agr.
Les études sur le potentiel de pathogénicité ont été complétées par des tests sur
modele C. elegans. Des études phénotypiques et des expériences sur le potentiel

de formation de biofilm ont également été menées.
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Aprés 16 semaines de culture, les études phénotypiques ont mis en évidence
la présence de small colony variants (SCVs). Ce changement phénotypique est
caractéristique chez S. aureus en cas d’infection chronique permettant ainsi la
validation de notre modéle de culture. Une baisse significative de la virulence des
souches de S. aureus grace au modéle C. elegans a été démontrée. Les études
transcriptomiques ont confirmé la diminution d’expression des génes de virulence
(lukF/lukS-PV, edinB et edinC) apres une culture prolongée dans des concentrations
élevées de glucose, en anaérobie et en présence d’antibiotique. De maniere
intéressante, la capacité a former du biofilm ainsi que I'expression de geénes

d’adhésion (fnbpA) été augmentée en présence de glucose et de vancomycine.

Le développement d’'un modéle d’étude d’infection chronique a montré qu’apres
plusieurs semaines d’adaptation a des conditions stressantes, on observait une baisse
du potentiel de pathogénicité de S. aureus en présence de fortes concentrations de
glucose, en anaérobiose et en présence de concentrations subinhibitrices
d’antibiotiques. Cette étude a permis de confirmer I'impact de I'environnement sur

'adaptation de S. aureus aux conditions de stress prolongé.
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Abstract: Staphylococcus aureus is the most prevalent pathogen isolated from diabetic foot infections
(DFIs). The purpose of this study was to evaluate its behavior in an in vitro model mimicking the
conditions encountered in DFI. Four clinical S. aureus strains were cultivated for 16 weeks in a
specific environment based on the wound-like medium biofilm model. The adaptation of isolates
was evaluated as follows: by Caenorhabditis elegans model (to evaluate virulence); by quantitative
Reverse Transcription-Polymerase Chain Reaction (QRT-PCR) (to evaluate expression of the main
virulence genes); and by Biofilm Ring test® (to assess the biofilm formation). After 16 weeks, the
four S. aureus had adapted their metabolism, with the development of small colony variants and
the loss of B-hemolysin expression. The in vivo nematode model suggested a decrease of virulence,
confirmed by qRT-PCRs, showing a significant decrease of expression of the main staphylococcal
virulence genes tested, notably the toxin-encoding genes. An increased expression of genes involved
in adhesion and biofilm was noted. Our data based on an in vitro model confirm the impact of
environment on the adaptation switch of S. aureus to prolonged stress environmental conditions.
These results contribute to explore and characterize the virulence of S. aureus in chronic wounds.

Keywords: adaptation; biofilm; diabetic foot infection; EDIN; in vitro model; nematode; Panton-
Valentin leukocidin; Staphylococcus aureus; virulence

Key Contribution: This paper highlights the impact of environmental conditions on Staphylococcus
aureus in an in vitro model mimicking the conditions encountered in diabetic foot infections, a
genomic and transcriptomic adaptation of S. aureus that could drive the escape to the host immune
response and foster chronicity of the wound.

1. Introduction

Diabetes mellitus is a public health problem representing a major cause of mortal-
ity and morbidity worldwide [1]. This disease affects 442 million adults in the world
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and represents the seventh leading cause of death (Global report on diabetes: Executive
Summary. Available online: https://www.who.int/health-topics/diabetes /publicationsé&
publication=who-nmh-nvi-16.3 (accessed on 14 March 2021)). One of the most serious com-
plications of diabetes mellitus is foot ulceration due to the triopathy associating ischemia,
neuropathy, and arteriopathy [2-4]. It is a source of major suffering and financial costs for
the patient, but also for the health care professionals and facilities and society. Infection in
diabetic foot ulcer (DFU) is particularly frequent and, untreated, ultimately results in lower-
limb amputation [5]. Diabetic foot infection (DFI) is estimated to be the most common cause
of diabetes-related admission in hospitals. Outcomes in patients presenting with a DFI
are poor with a high mortality following this complication (around 15% in the following
year) [1,5]. DFIs are polymicrobial and Staphylococcus aureus is the most frequent pathogen
isolated [6,7]. This Gram-positive coccus is a leading cause of a wide range of diseases,
from skin and soft tissue infections (SSTIs) (e.g., impetigo, carbuncles) to life-threatening
bacteremia, toxic shock syndrome, endocarditis, and osteomyelitis [6,8]. However, the
mechanisms of S. aureus pathogenicity and switch from colonization to infection in DFI
remain unclear.

S. aureus deploys an arsenal of virulence factors to colonize, invade, and destroy
tissues and host immune cells [9,10]. These virulence factors include adhesins (called
microbial surface components recognizing adhesive matrix molecules (MSCRAMMs),
such as fibronectin binding proteins (FnBPs), that bind to different host proteins and are
important for tissular colonization [11,12]. The protein A (SpA) promotes immune evasion
and protects against host-mediated clearance [10]. S. aureus also secretes toxins (e.g.,
the pore-forming cytotoxin alpha-hemolysin (Hla), which can lead to tissue necrosis. In
addition, the superantigens can induce an unregulated polyclonal activation of lymphocyte
T cells, leading to a cytokine storm. The regulation of these virulence factors is complex and
extensive, but virulence is very closely regulated in S. aureus, notably owing to the agr gene.
This bacterium can also secrete specific toxins such as the Panton—Valentine Leukocidin
(PVL), which is a pore-forming toxin [6,13], or the exoenzymes EDINs (EDIN-A, -B, and -C),
which inactivate the small GTPase RhoA to promote bacterial dissemination [14,15]. These
cytolytic toxins can damage membranes of host cells, leading to cell lysis [16]. Finally, to
adapt to the environmental conditions, S. aureus is able to survive in a metabolically inactive
state while preserving the integrity of the host cell by forming small-colony variants (SCVs).
SCVs differ metabolically and phenotypically to ordinary S. aureus isolates [17].

During DFI, S. aureus has been shown to activate its virulence factors to invade
the tissue [18]. However, this infection is chronic and complex, with a different clinical
presentation to SSTIs, notably with the mitigated impact of toxinogenic strains [6]. Indeed,
S. aureus is exposed to various stress conditions in DFU: elevated glucose concentration,
decreased temperature, decreased tissue oxygenation, and presence of antibiotics for
several weeks [19]. Previous studies have analyzed the impact of antibiotics or glucose on
the virulence of S. aureus strains during short-term [20-24] or long-term exposure [25-27]
in a stress environment. These lifestyles involve forming quasi-dormant sub-populations
and the presence of persister cells and SCVs [28]. Under prolonged nutrient limitation, the
downregulation or loss of agr has been reported and seems to play a crucial role [17,28].

The purpose of this study was to evaluate the impact of an in vitro model mimicking
the conditions encountered in DFU on the adaptation/switch in the virulence profile
of S. aureus. This manuscript used the Lubbock wound pathogenic biofilm model [29]
firstly adapted by De Leon et al. [30]. This model contains physiological concentrations
of blood components, notably utilizing a chopped-meat-based medium supplemented
with heparinized plasma and red blood cells. This medium was formulated to represent
the conditions of human wounds and better simulate the nutrient environment in the
chronic ulcer. In this study, the media formulation was modified by the addition of 10%
glucose (allowing a concentration above 150 mg/dL, the limit that defined an uncontrolled
diabetes) and two antibiotics at sub-inhibitory concentrations (a condition frequently
observed in this pathology due to arteriopathy). The antibiotics used correspond to two
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of the main molecules used in DFI: vancomycin, a glycopeptide that inhibits cell wall
synthesis by binding to the D-Ala-D-Ala terminal of the growing peptide chain during cell
wall synthesis; and linezolid, an oxazolidinone that disrupts bacterial growth by inhibiting
the initiation process of protein synthesis by binding to a site on the bacterial 23S ribosomal
RNA of the 50S subunit. Thus, S. aureus virulence was evaluated in this in vitro wound-like
medium (WLM) that mimics a diabetic environment.

2. Results
2.1. Phenotypic Effects on S. aureus after a Prolonged Culture in a Medium Mimicking a
DFU Environment

Firstly, we investigated the impact of the WLM supplemented with 10% glucose
and/or vancomycin and linezolid tested at 0.5x minimum inhibitory concentration (MIC)
on three virulent S. aureus strains (NSA739, NSA1077, and NSA7475) isolated from DFI
and one colonizing strain (NSA1385) (Table 1). First, the presence/absence of 3-hemolysis
on blood agar plates and the emergence of SCVs were determined.

Table 1. S. aureus strains used in the study.

Strains Characteristics References
S. aureus strain isolated from DFI (Grade 3), &
NBATH PVL-, edin-, agr2, ST8 1]
S. aureus strain isolated from colonized DFU (Grade 1),
BEATAS PVL., edin-, agr1, ST8 B1]
S. aureus strain isolated from DFI (Grade 3),
NoRTE PVL+, edinB+, agrl, ST152 (321
NSA7475 S. aureus strain isolated from DFI (Grade 3), (32]

PVL-, edinB+, agr1, ST25
DFI, diabetic foot infection; DFU, diabetic foot ulcer; PVL, Panton-Valentine Leukocidin; ST, sequence type.

2.1.1. Addition of 10% Glucose

The WLM had no impact on the phenotype of the S. aureus strains tested after 24 h
incubation, with or without the addition of glucose (Supplementary Materials Table S1).
However, after 16 weeks in WLM alone, all the bacteria displayed mostly p-hemolytic
activity (98-99%), with low level SCV (1-2%) (Table 2). The addition of 10% glucose
significantly modified the phenotype of the virulent strains with a clear loss of 3-hemolytic
production (particularly for NSA739 and NSA1077) and a high level of SCVs compared
with the medium without glucose (p < 0.01). Interestingly, the colonizing NSA1385 was not
significantly affected under any of the conditions tested (Table 2).

Table 2. Phenotypical modifications of S. aureus cultivated in an in vitro wound-like medium (WLM) mimicking the
conditions encountered in chronic wounds and with the addition of other stress parameters (high glucose concentration,
addition of antibiotics) for 16 weeks. Bold results are statistically significant (p < 0.01) compared with WLM alone.

WLM + WILM +
Strains In Vitro WLM Alone i wiM +. ‘.NLM + 10% Glucose + 10% Glucose +
10% Glucose Vancomycin Linezolid V. A . "
ancomycin Linezolid
B-hemol ! SCv 2 B-hemol SCV 3-hemol SCV B-hemol SCV 3-hemol SCV B-hemol SCV
NSA739  99% +2 2% +2 12% £5 22%£2 93% + 5 2%+2 28% + 4 5% + 2 5% %2 30% £ 7 13% + 6 18%+ 7
NSA1077  98% +3 2% +2 5% +5 11% + 2 91% +7 2% +3 55% +5 20%+E5 8% + 4 18%+5 10% £ 10 10%+ 5
NSA7475 98% £ 2 1% £ 2 65% +3 24% £2 88% £ 7 4% +2 48% 2 15% £4 50%£5 15%+£3 37% + 8 17%=+ 8
NSA1385 99% +2 0% +2 93%+ 7 4% £ 2 100% + 2 0%+2 75% x5 7% £ 2 94% + 2 2% +2 91%+ 5 3%+3

1 B-hemolysis. 2 SCV, small colony variant. % corresponds to a mean of counts (+standard deviation) performed on three independent
experiments on an average of 200 colonies.

2.1.2. Addition of Antibiotics

The addition of sub-MICs of vancomycin (0.5x MIC) and linezolid (0.5x MIC) in
WLM supplemented with 10% glucose produced the same observations with a significant
modification of the phenotype of the virulent strains (Table 2): a loss of 3-hemolytic
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production (50-95%) and a high level of SCVs (10-30%) compared with WLM alone
(p < 0.01). These modifications did not affect the colonizing strain NSA1385.

To clearly evaluate the effect of antibiotics, vancomycin and linezolid were tested alone
in WLM. Interestingly, in sub-MIC of vancomycin alone, the modifications of S. aureus
phenotype were variable, with a significant effect only on the $-hemolytic activity on
NSA1077 and NSA7475 (p < 0.01). No statistical effect was noted for the level of SCV. The
addition of linezolid alone significantly altered the $-hemolytic activity of all four tested
strains (p < 0.01).

2.2. Effect of a Prolonged Culture in a Medium Mimicking DFU Environment on S. aureus Virulence
2.2.1. Addition of 10% Glucose

In the C. elegans model, all S. aureus strains killed the nematodes more rapidly than the
avirulent E. coli OP50 strain used as nutrient for the nematodes (p < 0.001) (Table 3). The LT50
was similar for the three virulent strains (NSA739, NSA1077, and NSA7475), but significantly
shorter (p < 0.001) for the colonizing strain (NSA1385) (1.7 to 2.3 days #+ 0.3 vs. 4.3 + 0.3,
respectively; Table 3). The differences in virulence were not due to differences in the survival
and proliferation of strains within the nematode intestine, as the intestine colonization by the
strains was not significantly different (Supplementary Materials Table S2).

Table 3. 50% lethal time (in days) of Caenorhabditis elegans infected by different S. aureus cultivated in an in vitro wound-like
medium (WLM) mimicking the conditions encountered in chronic wounds and with the addition of stress factors (high
glucose concentration, sub-minimum inhibitory concentration (MIC) of antibiotics). The results are representative of at least

four independent trials for each strain.

Without " WLM + WLM +
Strains Langth.af Pre-Culture WM WM.« 10% WM i ‘.NLM ¥ 10% Glucose +  10% Glucose
Preculture : Alone Glucose Vancomycin  Linezolid ; 3 :
in WLM Vancomycin + Linezolid
NSA73924 h 24h 1.7+03 35+02 35+03 34+02 38+03 39+02 5.00 £ 0.4
NSA739 16-week 16 weeks NA 39402 49+02 32403 49+0.2 5.0 £0.2 49402
NSA1077 24 h 24h 22402 39402 42403 41401 43+02 44401 49402
NSA1077 16-week 16 weeks NA 44401 54+ 04 37402 5.4+ 0.4 55+ 0.3 5.5+ 0.4
NSA747524 h 24h 23403 38402 39+03 37402 35+02 38402 524 0.4
NSA7475 16-week 16 weeks NA 43403 53+ 04 35+02 47+03 5.4+ 04 50+0.2
138524 h 24h 43+03 48403 46+03 43+04 51402 48403 44402
1385 16-week 16 weeks NA 50404 52402 51402 51403 49403 49402
s ‘ 77402 NA NA NA NA NA NA
strain)

In bold, p < 0.01 after a pairwise comparison between LT50s (strain in WLM alone vs. others) using a log rank test. NA, not applicable.

Infecting S. aureus strains pre-cultivated for 24 h in WLM showed significantly de-
creased virulence compared with the same strains without pre-culture (1.7-2.3 days + 0.3
vs. 3.5-3.9 £ 0.2, respectively; p < 0.001, Table 3). No impact was noted on virulence when
these strains were pre-cultivated for 16 weeks (3.5-3.9 £ 0.2 vs. 3.9-4.4 + 0.2, respectively;
p = not significant (NS), Table 3). Interestingly, no significant difference of LT50 was noted
for the colonizing strain, irrespective of the length of pre-culture (24 h vs. 16 weeks),
although an increased nematode lifespan was noted: 4.3 days =+ 0.3, without pre-culture;
4.8 £ 0.3, with a 24 h pre-culture; and 5.0 £ 0.4, with a 16-week pre-culture (p = NS)
(Table 3).

When the infecting S. aureus strains were pre-cultivated in WLM supplemented with
10% glucose, their virulence was similar to that observed after pre-culture in WLM alone
(3.5-3.9 £ 0.2 vs. 3.5-4.2 3= 0.3, respectively; p = NS, Table 3). In contrast, the virulence of the
three infecting strains was significantly decreased after a 16-week pre-culture in the glucose
supplemented medium compared with medium alone (4.9-5.4 &+ 0.4 vs. 3.9-4.4 0.3,
respectively; p < 0.001, Table 3).

As previously observed, no significant modification of lifespan of the C. elegans was
observed in the colonizing strain NSA1385 after a short or a long pre-culture in the WLM
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with or without glucose (24 h: 4.8 + 0.3 vs. 4.6 £ 0.3 and 16-week: 5.0 £ 04 vs. 5.2 + 0.2,
respectively; p = NS, Table 3).

2.2.2. Addition of Antibiotics

The addition of vancomycin to the WLM had no effect on the lifespan of nematodes
in the presence of S. aureus. No significant difference of LT50 of nematodes fed with the
different strains was observed when these strains were pre-cultivated for 24 h or 16 weeks
in medium plus antibiotic (p = NS) (Table 3). However, a trend for increased virulence
could be noted for the three infecting S. aureus strains pre-cultivated with vancomycin
versus without pre-culture (LT50: 3.2-3.7 days + 0.4 vs. 3.9-4.4 £ 0.3, respectively; p = NS,
Table 3).

The addition of linezolid also had no significant impact on the virulence of the infecting
S. aureus pre-cultivated in supplemented WLM for 24 h compared with a pre-culture
in WLM medium alone (3.5-4.3 £ 0.3 vs. 3.5-3.9 £ 0.2, respectively; p = NS, Table 3).
Interestingly, during a long period of pre-culture (16 weeks), a significant increase of
the lifespan of the C. elegans was observed in two of the three virulent S. aureus strains
(NSA739 and NSA1077) (4.9-5.4 £+ 0.4 vs. 3.9-4.4 & 0.2, respectively; p < 0.001, Table 3).
No significant modification of lifespan of the C. elegans was observed in the colonizing
strain NSA1385 after a short or long pre-culture in the WLM with or without addition of
antibiotics (24 h: 4.8 &= 0.3 vs. 5.1 £ 0.2 and 16-week: 5.0 £ 0.4 vs. 5.1 & 0.3, respectively;
p = NS, Table 3).

The addition of vancomycin to WLM supplemented with 10% glucose showed the
same observation as pre-cultivation without antibiotic. A significant decrease of S. au-
reus virulence was shown for the isolates pre-incubated for 16 weeks (5.0-5.5 £ 0.4 vs.
3.9-4.4 £ 0.3, respectively; p < 0.001, Table 3), suggesting a role of glucose alone in this effect.

While the same observation was noted for the long exposure of two of the three
isolates (NSA739 and NSA1077) in WLM medium supplemented with 10% glucose and
linezolid (4.9-5.5 £ 0.4 vs. 3.9-4.4 £ 0.2, respectively; p < 0.001, Table 3), a clear impact of
linezolid was also observed after a short exposure (24 h) of the three infecting S. aureus to
this medium (4.9-5.2 £ 0.4 vs. 3.5-3.9 & 0.2, respectively; p < 0.001, Table 3), suggesting an
effect of linezolid on S. aureus virulence in the WLM supplemented with glucose.

Finally, no impact of the addition of antibiotics and glucose to WLM medium was
noted for the colonizing strain NSA1385 (Table 3).

2.3. Effect of a Prolonged Culture in a Medium Mimicking DFU Environment on Kinetics of
S. aureus Biofilm Formation

The Biofilm Ring test® was performed to evaluate the effect of WLM with or without
the addition of 10% glucose and antibiotics on the capacity of S. aureus to form biofilm.

2.3.1. Addition of 10% Glucose

The pre-cultivation of S. aureus in WLM supplemented with glucose had no signif-
icant effect on biofilm formation for all the studied strains after a short exposure (24 h)
(Supplementary Materials Table S3).

After a long exposure (16 weeks) of the infecting strains with the WLM supplemented
with 10% glucose, all the strains had impeded potential to form biofilm (Figure 1).

For NSA739 and NSA7475, biofilm was completely formed after 5 h of incubation
(BFI = 1.5 % 0.2). When the strain was pre-cultivated in WLM + 10% glucose, we observed
a trend of faster formation of biofilm (at 2 and 3 h), but no impact on the biofilm formation
at the end-point (5 h).

For NSA1077, the strain pre-cultivated with glucose showed a significantly faster
biofilm formation than the strain pre-cultivated in WLM alone at 2, 3, and 4 h, with the
beads immobilized after 4 h (BFI = 1.6 £ 0.2) (p < 0.001).

For the colonizing strain NSA1385, the addition of glucose had no impact on the
kinetics of biofilm formation: the BFI values were similar between all conditions tested.
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2.3.2. Addition of Antibiotics

As observed with glucose supplementation, pre-cultivation of S. aureus in WLM plus
antibiotics (with or without 10% glucose) had no effect on biofilm formation for all the
studied strains after a short exposure (24 h) (Supplementary Materials Table S3).

For the three infecting strains NSA739, NSA1077, and NS7475, the kinetics of biofilm
formation were slowed in the presence of sub-MIC of vancomycin alone, with a biofilm
not constituted after 5 h (p < 0.0001) (Figure 1). Interestingly, although the addition of
sub-MICs of linezolid had no effect on the biofilm formation of NSA7475 or NSA1077,
pre-cultivation of these strains in WLM plus antibiotics and 10% glucose had a significant
effect, with the beads immobilized at 3 h (p < 0.001).

Antibiotic pressure had no significant impact on the kinetics of biofilm formation for
the colonizing strain NSA1385 (Figure 1).
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Figure 1. Effects of a pre-culture in a wound-like medium (WLM) and 10% glucose combined with
sub-minimum inhibitory concentration (MIC) of vancomycin (0.5x MIC) and linezolid (0.5x MIC)
on S. aureus biofilm formation after 16 weeks of culture. The kinetics of the early phase of biofilm
formation were determined on (A) NSA739; (B) NSA1077; (C) NSA7475; and (D) NSA1385 by the
BioFilm ring test® (BioFilm Control, France). The control corresponds to the evaluation of biofilm
formation of strains in Brain Heart Infusion (BHI) medium alone. Dotted horizontal lines: >7, no
biofilm; <2, fixed biofilm. Means + standard errors of the mean of biofilm indexes (BFIs) for at
least three independent replicates are presented. Statistical differences between the different culture
conditions at each time were obtained using two-way analysis of variance (ANOVA), followed by

Dunnett’s multiple-comparison test.

2.4. Effect of a Prolonged Culture in a Medium Mimicking DFU Environment on S. aureus
Genes” Expression

To assess the impact of WLM on bacteria at the genetic level, the expression levels of
some important genes involved in S. aureus virulence were measured. Their log relative
transcription levels are shown in Supplementary Materials Table 5S4 for all the strains and
Figures 2 and 3 for NSA1077 and NSA739, respectively.
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Figure 2. Relative mRNA expression levels of toxinogenic genes of S. aureus NSA1077 strain cultivated in WLM supple-
mented with 10% glucose, vancomycin (0.5x MIC), linezolid (0.5x MIC), 10% glucose + vancomycin (0.5x MIC), and
10% glucose + linezolid (0.5x MIC) after 24 h (H24) and 16 weeks (W16). The log-transformed averages of relative fold
changes of NSA1077 in different environmental media compared with NSA1077 in Luria-Bertani (LB) medium for 24 h and
16 weeks are presented. The error bars represent the standard deviations from the three independent RNA preparations.
Significant differences from the NSA1077 in LB medium for 24 h and 16 weeks using Dunnett’s test are indicated. *, p < 0.01;
*** p <0.001.

Globally, the expression of studied genes was not significantly affected in strains
pre-cultivated in WLM alone (Supplementary Materials Table S4).

2.4.1. Addition of 10% Glucose

After 24 h of exposure to WLM and 10% glucose, spa gene, which encodes protein A
(a major colonizing factor), was significantly decreased in all the infecting S. aureus strains
(p <0.05 to p < 0.001) (Supplementary Materials Table S4). Moreover, the two toxinogenic
pvl and edin-B genes were significantly upregulated (p < 0.001) in the two strains harboring
these genes: NSA1077 (Figure 2) and NSA7475 (Supplementary Materials Table 54).

No modification in the expression of any tested gene was noted in the colonizing
strain NSA1385 (Supplementary Materials Table S4).

The same trend was observed after a long exposure of the infecting strains in WLM
supplemented with 10% glucose: hla, which encodes the x-hemolysin (another major
virulence factor); sea, which encodes the staphylococcal enterotoxins (exotoxins with pyro-
genicity, superantigenicity, and capacity to enhance lethality of endotoxin); and the global
regulator of the staphylococcal virulence, agr genes, were significantly down-regulated
(p < 0.001) (Supplementary Materials Table S4, Figure 3). Moreover, the expressions of the
toxinogenic PVL- and EDIN-encoding genes were also significantly decreased (p < 0.001)
(Supplementary Materials Table S4, Figure 2). In contrast, spa and fnbpA genes were signifi-
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cantly over-produced when S. aureus strains were pre-cultivated in WLM supplemented
with 10% glucose (p < 0.001) (Supplementary Materials Table S4, Figure 3).

Glucose 10%  Glucose 10% +
Glucose 10%  Vancomycin  Linezolid +Vancomycin Linezolid

Log relative fold expression
(=)
1

Figure 3. Relative mRNA expression levels of virulence genes and a regulator gene of S. aureus NSA739 strain cultivated in
WLM supplemented with 10% glucose, vancomycin (0.5x MIC), linezolid (0.5x MIC), 10% glucose + vancomycin (0.5
MIC), and 10% glucose + linezolid (0.5x MIC) after a long exposure (16 weeks). The log-transformed averages of relative
fold changes of NSA739 in different environmental media compared with NSA739 in LB medium are presented. The error
bars represent the standard deviations from the three independent RNA preparations. Significant differences from the
NSA739 in LB medium using Dunnett’s test are indicated. ***, p < 0.001.

The expression of the studied genes was not modified in any conditions of pre-
cultivation for the colonizing strain NSA1385 (Supplementary Materials Table S4).

2.4.2. Addition of Antibiotics

With sub-MIC of vancomycin: Short pre-cultivation of the infecting S. aureus strains in
WLM plus vancomycin (24 h) did not significantly modify the expression of the virulence
genes tested (Supplementary Materials Table S4).

After a long exposure of the infecting strains with the WLM + sub-MIC of vancomycin,
hla, sea, and agr genes were significantly up-regulated (p < 0.001). In contrast, the expression
of fubpA and spa genes was significantly decreased (p < 0.001) (Supplementary Materials
Table S4, Figure 3). Interestingly, although pvl gene was not affected by this pre-cultivation,
the toxinogenic edinB gene was significantly under-expressed (p < 0.001) (Supplementary
Materials Table S4, Figure 2).

No significant modification in the expression of any studied gene was observed for
any pre-cultivating conditions of the colonizing strain NSA1385 (Supplementary Materials
Table S4).
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With sub-MIC of vancomycin + 10% glucose: The infecting S. aureus strains pre-
cultivated for 24 h presented a significant increase of fnbpA, spa, pvl, and edinB expression
(p < 0.001) (Supplementary Materials Table S4). Moreover, a decrease of the expression of
hla gene was noted for NSA1077 (p < 0.05).

Contrary to the results with WLM plus vancomycin alone, hla, sea, and agr genes were
significantly down-regulated after a long exposure of the infecting strains in WLM + glucose
+ vancomycin (p < 0.001) (Supplementary Materials Table S4, Figure 3). Moreover, the
expression of fnbpA and spa genes was significantly increased (p < 0.001) (Supplementary
Materials Table S4, Figure 3). Finally, the PVL- and EDIN-encoding genes were significantly
under-expressed (p < 0.001) (Supplementary Materials Table 54, Figure 2).

After a long exposure of the colonizing strain NSA1385 to the medium, an increased
expression of fnbpA gene (p < 0.001) and a decrease of Ila gene (p < 0.05) (Supplementary
Materials Table S4) were observed.

With sub-MIC of linezolid: After a 24 h exposure of the infecting strains in the WLM +
linezolid, hla, sea, and spa genes were significantly down-regulated (with the exception of
spa gene in NSA739) (p < 0.05 to p < 0.001). In contrast, the expression of fiubpA gene was
notably increased in NSA739 (p < 0.001) (Supplementary Materials Table S2). Interestingly,
while PVL-encoding genes were over-produced in this condition, the toxinogenic edinB
genes were significantly under-expressed (p < 0.001) (Supplementary Materials Table S4).

After a 16-week exposure of the infecting strains to WLM + linezolid, hla, sea, and agr
genes were significantly down-regulated (p < 0.001) (Supplementary Materials Table 54,
Figure 3). In contrast, the expressions of fnbpA and spa genes were significantly increased
(p < 0.001) (Supplementary Materials Table S4, Figure 3). All the toxinogenic-encoding
genes were significantly under-expressed (p < 0.001) (Supplementary Materials Table 54,
Figure 2).

No significant modification of the expression of the studied genes was observed in any
conditions of pre-cultivation for the colonizing strain NSA1385 (Supplementary Materials
Table S4).

With sub-MIC of linezolid + 10% glucose: The addition of glucose replicated the results
observed with linezolid alone. Two infecting S. aureus strains (NSA739 and NSA1077)
pre-cultivated in this condition for 24 h presented a significant decrease of hla and sea genes’
expression (p < 0.05), and the infecting strain NSA7475 showed a decrease of spa gene
(p < 0.001) (Supplementary Materials Table 54). Moreover, an increase of the expression of
fnbpA gene was noted for NSA739 (p < 0.001). The PVL-encoding gene was over-expressed
in this condition (p < 0.001). The only difference concerned the toxinogenic edinB gene,
which was not significantly modified (Supplementary Materials Table S4).

These different observations were replicated after a long exposure, with a significant
decrease of expression of hla, sea, and agr genes (p < 0.001) and a significant over-expression
of fnbpA and spa genes (p < 0.001) (Supplementary Materials Table S4, Figure 3). The PVL-
and EDIN-encoding genes were significantly under-expressed in this condition (p < 0.001)
(Supplementary Materials Table 54, Figure 2).

Finally, the colonizing strain NSA1385 was significantly affected after a long exposure,
with a decrease of hla gene expression (p < 0.05) and an increase of fnubpA gene expression
(p <0.001) (Supplementary Materials Table S4).

3. Discussion

The host-microbiota interface is often the key point in the development of wound
infections. Various studies have described the DFU microbiota to determine the role of
microorganisms [33]. Although they have produced interesting results and confirmed that
the microbiota is a highly dynamic microbial community that maintains a relationship
with the host, better understanding of the complex competitive or synergistic interaction
between commensal and/or pathogenic microorganisms is necessary as it could affect the
severity and progression of the wound [7]. The virulence capacity of a bacterium has a
direct impact on the equilibrium between colonization and infection [34]. However, in
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chronic wounds, bacteria can adapt their virulence, such as forming a polymicrobial biofilm
community [35]. These biofilms may be responsible for the delayed healing of these chronic
wounds [36]. Bacterial interactions play an important role in pathogenesis, competing
and cooperating in order to support their mutual growth in a specific environment [37].
However, it seems that the behavior of bacteria can also be greatly influenced by the
environmental conditions [24]. Here, we evaluated the role of a high glucose concentration
and sub-MICs of two antibiotics in a WLM mimicking the conditions encountered in DFU
on a series of clinical bacterial strains isolated from this clinical situation. To study bacterial
virulence, most studies have previously used in vitro planktonic cultures on rich media
or in vivo diabetes animal models (e.g., db/db mice), but without the ability to create
genuine wound chronicity [7]. The WLM represents a convenient and reliable model to
study bacteria in a relevant environment [29,30].

Using the WLM, we observed that this environment clearly impacts bacterial behavior,
and its virulence. Firstly, we observed that a long exposure of S. aureus in the medium
significantly decreased the bacterial virulence in a C. elegans model (Table 3). Moreover,
the addition of 10% glucose (a condition similar to that encountered in DFU) more dras-
tically affected the behavior of the infecting bacteria (Table 4): the strains significantly
decreased their virulence in the nematodes model (Table 3), in parallel with dramatic
under-expression of the virulent genes (and decreased 3-hemolytic activity) and an over-
expression of genes involved in adhesion and colonization (Figure 3, Supplementary
Materials Supplementary Materials Table S4), as observed by Kalan et al. [38]. The bacterial
stress induced by the glucose accelerated biofilm formation (Figure 1) and significantly
increased SCV phenotypes (Table 2). These observations support previous clinical studies
demonstrating that biofilms were implicated in 60 to 80% of chronic wounds versus 6%
for acute wounds [39,40]. Bacteria within biofilms evade the host’s natural defenses and
are resistant to the host immune defense. Stimulation of the immune system without
effectively eradicating the infection causes collateral damage to surrounding tissue and
causes chronic inflammation [41]. This persistent chronic inflammation, exacerbated by
the diabetic immune context, leads to the production of auto-inflammatory cytokines that
aggravate the wound and slow the healing process. The influence of glucose on bacterial
virulence has been studied by Regassa et al. [42]. They noted that glucose inhibited the
expression of agr gene in S. aureus. The effect on this regulator gene directly reduced the
virulence expression, as observed in our study. Moreover, the influence of glucose on
the poly-N-acetylglucosamine synthesis, the most common components of biofilm in S.
aureus, has been previously described [43-45]. Glucose stimulates the gbaAB operon that
regulates biofilm formation through activating the expression of the ica operon in S. aureus.
GbaA is modulated by inducing compounds and facilitates S. aureus to adapt to stress
via aggregation of biofilm formation [46], as we found here. Interestingly, the response of
neutrophils towards S. aureus also varies depending on the available glucose. S. aureus-
mediated NET (neutrophil extracellular trap) release (a process used by neutrophils to
kill or trap pathogens) is impaired at a high glucose concentration [47], notably due to an
ejection of NET by vesicles outside neutrophils [48]. NET diffusion contributes to extensive
tissue damage in the host and could participate in wound chronicity.

Antistaphylococcal regimens must be taken into account in the influence on bacterial
virulence, as previously determined [24]. In our study, we observed that vancomycin and
linezolid acted differentially on S. aureus virulence. This could be explained by the impact
of these antibiotics on the expression of regulation of several virulence genes, possibly
affecting the expression of the agr system. Previous in vitro studies have shown a decreased
level of virulence expression upon treatment with ribosomally active antibiotics [24]. Here,
the same trend was noted when the bacteria were pre-cultivated in WLM plus linezolid for
24 h. This effect was amplified after a long exposure (16 weeks) to the WLM, especially
when combined with a high glucose concentration and sub-MIC of the antibiotic (Figures 2
and 3), applying stress involving a rapid biofilm formation and consistent with the devel-
opment of a hyper-adhesive phenotype, as previously observed [49]. Studies have shown
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that linezolid was a potent inhibitor of hla and sea genes’ expression in a concentration-
dependent manner owing to a positive regulation of agr gene [24]. Our results confirmed
that these three genes were clearly affected in the same manner by the environmental
condition encountered in DFI, while these genes were significantly over-expressed in the
presence of sub-MICs of linezolid alone or in combination with glucose (Table 4). The
effect of linezolid on agr expression is of importance. The link between the dysfunction
of this major virulence regulatory system in S. aureus and chronic infections has been
described [50]. As we noted in our study, this gene plays a crucial role in the evolution to
persister cells” formation and SCVs under antibiotic pressure [50]. The negative impact of
linezolid on hemolytic activity has also been noted [51]. Moreover, sub-MICs of linezolid
induced a decrease in spa expression [21,52]. Although this trend was observed in all
the studied strains after a short exposure (24 h) (Supplementary Materials Table 54), the
opposite results were observed after a long exposure in the WLM plus linezolid alone or
in combination with glucose, suggesting that S. aureus clearly modified its virulence in
this environment.

Table 4. Overview of effect of glucose and sub-MIC antibiotic concentrations on S. aureus virulence
expression from an in vitro wound-like medium (WLM) mimicking the conditions encountered in
chronic wounds.

Effect on Expression of Virulence Factor 1

PVL EDIN Alpha-Hemolysin Protein A

Short exposure in WLM added to
Glucose ™ ™ - 1
Vancomycin - - s -
Linezolid ™ J J: i)

Long exposure in WLM added to
Glucose 4 4 4 i
Vancomycin - A T i
Linezolid W N A d i

14, significant increase; 11, >8-fold significant increase; |, significant decrease; |}, >8-fold significant decrease; -,
no significant effect.

The influence of vancomycin on bacterial virulence was totally different compared
with linezolid exposure. This antibiotic had limited effects on S. aureus virulence after a
short exposure, as previously published [24]. In C. elegans, no significant modification of
bacterial virulence could be noted (Table 3). As seen above, the impact of antibiotics on agr
expression is crucial. Vancomycin increased the expression of this regulator influencing
the virulence by acting on the expression of several virulence genes and by limiting the
colonizing behaviour of the bacteria. This trend was confirmed by a huge impact of
vancomycin to $-hemolytic activity and the low presence of SCVs even after prolonged
exposure in the WLM. Vancomycin-induced upregulation of enterotoxin expression has
previously been described during the first 8 h in an in vitro hollow-fiber infection model,
followed by a downregulation [53]. Our study confirmed this result. Moreover, previous
studies indicated that the effects of vancomycin on spa expression were variable [24]. We
confirmed that this antibiotic had no relevant impact when used in sub-MIC after a short
exposure. In contrast, a significant decrease of spa expression was found after a long
exposure in the WLM (Table 4).

Finally, the addition of glucose and antistaphylococcal antibiotics demonstrated the
main influence of glucose on the bacterial virulence. If the association of glucose plus
linezolid impacted more negatively the expressions of S. aureus virulence genes, the com-
bination of glucose and vancomycin was clearly influenced by glucose, while a reversed
effect of vancomycin alone on genes’ expression level was observed. This is probably due
to preferentially interaction between glucose and regulatory genes of S. aureus virulence.
Further investigations must be developed to confirm this trend.

The PVL is the most studied bi-component leukotoxin produced by S. aureus [6].
This toxin confers cytotoxicity on neutrophils and monocytes-macrophages, leading to a
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high virulence [54]. The PVL-positive strains are responsible for SSTIs, severe necrotizing
pneumonia, and aggressive bone and joint infections [55-57]. In DF], the role of PVL in
the pathogenicity of S. aureus is not clearly established. Firstly, the PVL-producing strains
are rarely isolated from this pathology [6]. Its prevalence varies between countries: France
(~3%), Algeria, and The Netherlands (~14%) [6]. Classically, the different PVL clones are
equally distributed among the various DFI grades. The majority of Grade 1 ulcers where
PVL-positive strains were isolated had a rapid clinical amelioration [31]. Moreover, no
strains harboring pvl gene have been isolated from diabetic foot osteomyelitis (DFOM) [58].
In this study, we explored the impact of environmental conditions on the expression of this
gene. We observed that NSA1077 presented a significant decrease of the pvl expression
after a long exposure in the WLM plus glucose, linezolid, and glucose + linezolid and
glucose + vancomycin (Table 4). The antitoxin effect of sub-MICs of linezolid has been
previously published [24]. This antibiotic induced concentration-dependent decreases in
pol expression and PVL production. Surprisingly, the pvl expression was strongly increased
after a short exposure to linezolid, in contrast to previous publications. One hypothesis
could be the role of the medium used in this study. Interestingly, we observed the same
effect when the bacteria were exposed to glucose + linezolid, although to a lesser degree
(Figure 2). Sub-MICs of vancomycin have no relevant impact on pol expression [24]. Despite
confirming this trend in our study after 24 h exposure to this antibiotic, we observed a
significant effect when vancomycin was combined with 10% glucose, with an increase of
pol expression after 24 h and a strong decrease of expression after 16 weeks. We suggest
that the observed effect was mainly due to glucose.

The same trend was also observed for EDIN toxins. These proteins are members
of a group of major bacterial virulence factors targeting host Rho GTPases [59]. Recent
findings suggest that EDIN toxins might favor bacterial dissemination in tissues by a
hematogenous route, through the induction of large transcellular tunnels in endothelial
cells named macroapertures [60-62]. In addition, Munro et al. showed that EDIN toxins
promote the formation of infection foci in a mouse model of bacteremia [63]. Previous
studies on the prevalence of edin genes in DFI showed that these genes are rarely isolated in
this pathology [64]. EDIN might collaborate with the arsenal of S. aureus virulence factors
to confer a higher potential for systemic infection [60]. However, bacteremia is a rare
complication in DFI [5], possibly because of the impact of environment, as we observed
in this work. Altogether, our study corroborates that S. aureus can adapt to different
environments and infection phases; this adaptation is modulated by tight transcriptional
and (post)translational regulation of its virulence factors.

4, Conclusions

DFl is a complex environment where multiple bacterial species coexist. The interface
between host and bacteria directly affects the healing of the wound. In these chronic ulcers,
the virulence of bacteria is influenced by their intrinsic virulence profile and virulent factor
equipment, but also by the environmental conditions and the phenotypic switch that these
environmental stresses induce. Here, we showed that toxinogenic and non-toxinogenic
S. aureus decreased their virulence in a WLM mimicking the conditions encountered in
chronic wounds or/and required to establish chronic wounds. Our observations deserve
to be placed in perspective with the clinical situation and epidemiological data where
toxinogenic strains are absent from DFI or DFOM, suggesting that these strains have no
clear virulence in this context. Subsequent studies are required to understand how bacteria
could adapt their virulence in chronic conditions and to correlate these in vitro data using
clinical strains. Such studies are pivotal for better ways to manage of DFU and could help
in defining new therapeutics.
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5. Materials and Methods
5.1. Bacterial Strains and Growth Conditions

All bacterial strains used in this study are listed in Table 1.

NSA739, 1077, and 7475 are infecting strains isolated from deep DFIL. The strain 1077
was PVL+ and EDIN-B+; the strain 7475 was EDIN-B+. NSA1385 was a colonizing strain
isolated from an uninfected ulcer, and NSA739 was isolated from DFI.

The avirulent Escherichia coli OP50 was used as a food source and a control for the
nematode assays.

We used the in vitro WLM adapted from De Leon et al. that mimics the conditions
encountered in the wound [30]. Briefly, the WLM contained 45% Bolton broth, 50% bovine
plasma, and 5% laked horse red blood cells. A 1 mL volume of VLM was placed ina 14.5 cm
by 1.8 cm glass tube, inoculated with approximatively 10* to 10° CFU of S. aureus. The
strains were grown in different conditions described in Figure 1. Thus, bacteria were grown
at 37 °C with shaking at 220 rpm in WLM supplemented with 10% glucose and/or sub-
inhibitory concentration of antibiotics (sub-MICs, 0.5x MIC linezolid and vancomycin).
Every day, the optical density was adjusted to OD 0.1. Cultures were maintained for
16 weeks (Figure 1).

The vancomycin and linezolid MICs were determined for each strain by the microdi-
lution method in Mueller-Hinton (MH) as recommended by the European Committee for
Antimicrobial Susceptibility Testing (EUCAST) [65]. The impact of sub-MIC exposure for
16 weeks on MICs of the different S. aureus strains was evaluated each week. No significant
difference could be noted (less than threefold dilution). However, the concentration of
antibiotics used in the prolonged cultures was always adapted to these MICs.

Then, 100 uL samples of culture were plated on Columbia agar supplemented with
5% fresh sheep blood (bioMérieux, Marcy 1'Etoile, France) at 37 °C each week to assess the
loss of beta-hemolysin in each condition.

5.2. Nematode Killing Assay

The C. elegans infection assay was performed as previously described using the Fer-15
mutant line, which has a temperature sensitive fertility defect [66]. Fer-15 was provided
by the Caenorhabditis Genetics Center, which is funded by the NIH National Center for
Research Resources (NCRR). To synchronize the growth of nematodes, eggs were collected
using the hypochlorite method. Overnight cultures of E. coli strains in nematode growth
medium (NGM) were harvested, centrifuged, washed once, and suspended in phosphate
buffered saline solution (PBS) at pH 7.0 at a concentration of 10° CFU/mL. NGM agar
plates were inoculated with 10 pL of bacterial suspension in different conditions (without
pre-incubation in WLM, after pre-incubation in WLM alone or with 10% glucose, sub-MICs
of vancomycin or linezolid) and incubated at 37 °C for 8-10 h. Plates were brought back to
room temperature and seeded with L4 stage C. elegans (=30 per plate). Plates were then
incubated at 25 °C and scored each day for live nematode under a stereomicroscope (Leica
MS5). A nematode was considered dead when it no longer responded to touch. C. elegans
that died from being trapped by the wall of the plate were excluded from the analysis.

At least three replicates repeated twice were performed for each selected strain. Lethal
time 50% (LT50) corresponded to time (in days) required to kill 50% of the nematodes.
The definition of virulence is limited to a narrow definition of virulence and the direct
impact of S. aureus on the mortality of the worms. Three replicates were performed for
each condition.

5.3. Feeding Behavior Assays

For occupancy assays, each bacterial strain was cultured overnight at 25 °C in LB
media, spotted as a circular lawn on NGM plates, and dried at room temperature for 20 min.
Approximately 30 L4 animals were placed in the center of the bacteria lawn. The number of
nematodes inside or outside each lawn was counted after 16 h, as previously described [66].
The results were described in percent occupancy corresponding to the number of C. elegans
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in the bacterial lawn/the total number of nematodes. The experiments were performed
in triplicate.

The number of bacteria within the C. elegans digestive tract was obtained as previously
described [67]. Briefly, nematodes were picked at 72 h, and the surface bacteria were
removed by washing the nematodes twice in M9 medium containing 25 pg/mL gentamicin.
The C. elegans were then mechanically disrupted in M9 medium containing 1% Triton X-
100 [56]. Serial dilutions of the sample were then plated on LB-agar and the colonies were
counted after 24 h. Three replicates were performed for each strain.

5.4. Biofilm Formation

To evaluate the biofilm formation, we used the Biofilm ring Test® (BioFilm Control®,
Saint Beauzire, France) following the manufacturer recommendations [68]. Briefly, stan-
dardized bacterial cultures were incubated at 37 °C in 96-well microtiter plates in the
presence of magnetic beads. At set time-points, the plates were placed onto a magnetic
block and put in the reader. The images of each well before and after magnetic attraction
were analyzed with the BioFilm Control software, which gives a biofilm index (BFI). A
high BFI value (>7) corresponds to high mobility of the beads under magnetic action (no
biofilm), while a low value (<2) corresponds to full immobilization of the beads due to
the sessile cells. Three experiments with two repeats were performed per strain and per
incubation time.

All the experiments were performed in BHI medium (=control) as recommended by
the manufacturer. To study the impact of different conditions tested on biofilm formation,
the strains were pre-cultured for 24 h or 16 weeks in WLM with or without 10% glucose
and sub-MICs of vancomycin or linezolid. The experiments were done in BHI (the WLM
was not adapted to the technology).

5.5. qRT-PCR Assays

Virulence genes’ expressions of S. aureus were quantified under different stress con-
ditions after 24 h and 16 weeks. The virulence and regulator genes tested were adhesins
(fubpA, spa), toxins (hla, pvl, sea, edinB), and the global regulator agr (Supplementary Materi-
als Table S5).

Briefly, overnight S. aureus cultures obtained in different media were diluted to an
ODgqp of 0.1 in MH broth and cultured again until an ODgyg of 0.7 was reached. The
OD at 600 nm was then adjusted to 0.75 in Tris buffer (10 mM). A 1.5 mL aliquot of OD-
adjusted and washed bacterial suspension was centrifuged at 10,000 x ¢ for 10 min, and
the pellets were treated with lysostaphin (Sigma) at a final concentration of 200 ug/mL.
Total RNA from bacteria pellets was extracted as described by the manufacturer using
Qiagen RNeasy Mini kit (Qiagen, Courtaboeuf, France) during exponential stages. RNA
was treated with the RNase-Free DNase Set (Qiagen, Courtaboeuf, France). Purity and
concentration were determined using the NanoDrop™ 2000 spectrophotometer (Fisher
Scientific, Pittsburgh, PA, USA). cDNA was synthesized from 1 ug of total RNA for each
sample, using the iScript™ Select cDNA Synthesis Kit (Bio-Rad) with random primers
according to the manufacturer’s instructions.

Real-time PCR assays were performed in a LightCycler®480 device using the Light-
Cycler FastStart DNA MasterP'US SYBRGreen I kit (Roche, Meylan, France) with 100 ng
of cDNA and 10 pmol of target primers (Supplementary Materials Table S5) [18,69-74].
The specificity of the PCR products was tested by melting point analysis. Amplifications
were performed in triplicate from three different RNA preparations. The 27AA¢T method
was used to analyze transcriptional changes in target genes using gyrB as the housekeep-
ing control gene (Supplementary Materials Table S5). Error bars indicate the standard
deviation (SD) of three independent experiments. Cycle threshold (Ct) values of the dif-
ferent target genes were compared with the Ct-values of the house-keeping gene (gyrB).
The normalized relative expressions of the studied genes were obtained for each strain
following the equation: 2-BACH (AACE = (Ctgene — Ctgyrb’ )studied strain in different conditions —
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(Ctgene — CtoyrB)studied strain in LB medium) [75]. The results obtained for each gene were
log-transformed to obtain a fold change difference between strains and conditions used.

5.6. Statistical Analysis

Statistics and graphs were prepared using the software package (GraphPad Prism 8.0,
GraphPad Software, San Diego, CA, USA).

The comparison between the behavior of S. aureus in the in vitro medium alone versus
in different conditions was assessed using one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparisons test.

For the nematode killing assays, differences in survival rates between the different
strains were tested by a log-rank (Mantel-cox) test for statistical significance.

Log-transformed data were used for qRT-PCR. The effects of the different additions to
the WLM medium on the expression of selected genes and a regulator of S. aureus were
assessed using one-way analysis of variance (ANOVA), followed by Dunnett’s multiple
comparisons test.

The kinetics of biofilm formation were compared by two-way ANOVA, followed by
Dunnett’s multiple comparison test.

A p < 0.05 was considered to reflect a statistically significant difference.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-665
1/13/3/230/s1, Table S1: Phenotypical modifications of S. aureus cultivated in an in vitro wound-like
medium (WLM) mimicking the conditions encountered in chronic wounds and with the addition
of high glucose concentration and antibiotics during 24 h. Table S2: Evaluation of feeding behavior
by measuring bacterial content of C. elegans and pathogen avoidance of S. aureus cultivated in an
in vitro wound-like medium (WLM) mimicking the conditions encountered in chronic wounds and
with the addition of high glucose concentration and antibiotics during 16 weeks. Table S3: Effects of
a preculture in a WLM and glucose 10% associated or not to sub-MICs of vancomycin (0.5x MIC)
and linezolid (0.5x MIC) on S. aureus biofilm formation after 24 h of culture. The kinetics of the
early phase of biofilm formation were determined on (a) NSA739; (b) NSA1077; (c) NSA7475; and
(d) NSA1385 by the BioFilm ring test®(BioFilm Control, France). The results represent the mean of
BFIs for at least three independent replicates. Table S4: Relative mRNA expression levels of virulence
genes of four S. aureus strains cultivated in a WLM added with glucose 10%, vancomycin (0.5x MIC),
linezolid (0.5x MIC), glucose 10% + vancomycin (0.5x MIC), and glucose 10% + linezolid (0.5x MIC)
after 24 h (H24) and 16 weeks (W16). Table S5: Primers used in the study.
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Emmanuel Lemichez, Anne Tristan, Albert Sotto, Catherine Dunyach-Rémy and Jean-Philippe
Lavigne

Table S1. Phenotypical modifications of S. aureus cultivated in an in vitro wound-like medium (WLM)
mimicking the conditions encountered in chronic wounds and with the addition of high glucose
concentration and antibiotics during 24 h.

NSA739 NSA1077 NSA7475 NSA1385
Beta- ' Beta- . S Beta- . S Beta- ) sCV
Hemolysis Hemolysis Hemolysis Hemolysis
WLM alone 100% 0% 100% 0% 100% 0% 100% 0%
WLM + glucose 10% 100% 0% 100% 0% 100% 0% 100% 0%
WLM + vancomycin 100% 0% 100% 0% 100% 0% 100% 0%
WLM + linezolid 100% 0% 100% 0% 100% 0% 100% 0%
0,
i At 100% 0% 100% 0% 100% 0% 100% 0%
vancomycin
WLM glucose 10% + 100% 0% 100% 0% 100% 0% 100% 0%
linezolid
Table S2. Evaluation of feeding behavior by measuring bacterial content of C. elegans and pathogen
avoidance of S. aureus cultivated in an in vitro wound-like medium (WLM) mimicking the conditions
encountered in chronic wounds and with the addition of high glucose concentration and antibiotics
during 16 weeks.
NSA739 NSA1077 NSA7475 NSA1385
Intestine Occupancy Intestine Occupancy Intestine Occupancy Intestine Occupancy
Survival * Test Survival Test Survival Test Survival Test
Without preculture 5.1 10E5 96 +3% 6.4 10E5 94 +5% 4.8 10E5 97 +3% 5.3 10E5 98 +2%
WLM alone 4.7 10E5 94 +5% 5.2 10E5 92 +4% 4.6 10E5 94 +5% 5.4 10E5 99 +2%
WLM + glucose 10% 3.6 10E5 92 +6% 5.6 10E5 89 +6% 4.9 10E5 96 +5% 5.0 10E5 95 +4%
WLM + vancomycin 5.510E5 96 +2% 5.0 10E5 93 +3% 4.2 10E5 96 +4% 5.4 10E5 93 +5%
WLM + linezolid 6.2 10E5 98 +2% 4.4 10E5 90 +5% 4.6 10E5 92 +6% 4.9 10E5 97 +2%
L 1 10%
WIM+glucose10%+ 401085 92:4% 571085 91:4%  5010E5  97+2%  5210E5  9743%
vancomycin
LM +gl 10%
WLM*glucose10%+ 531055  9543% 511085 9246%  4510E5  98+2%  5510E5  94+4%
linezolid
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Table S3. Effects of a preculture in a WLM and glucose 10% associated or not to sub-MICs of
vancomycin (0.5x MIC) and linezolid (0.5x MIC) on S. aureus biofilm formation after 24 h of culture.
The kinetics of the early phase of biofilm formation were determined on a) NSA739; b) NSA1077; c)
NSA7475; d) NSA1385 by the BioFilm ring test® (BioFilm Control, France). The results represent the
mean of BFIs for at least three independent replicates.

NSA739 24 h 0h 2h 3h 4h 5h NSA107724h Oh 2h 3h 4h 5h
Control BHI medium 150 147 7.5 27 18 ComtrolBHL ., 132 84 39 19
medium
Glucose 10% 149 145 7.9 3.1 19  Glucose10% 143 138 86 40 20
Vancomycin 14.7 14.6 7.2 2.7 1.9 Vancomycin 144 13.2 8.2 3.6 1.9
Linezolid 15.1 14.8 77 3.0 20 Linezolid 142 135 85 37 18
0, 10,
Ghaegsp 1%+ 152 149 78 29 19 (Clucosel0%+ ., 0 134 83 35 17
Vancomycin Vancomycin
0, 10,
SR & 148 146 7.1 27 18 (Olucosel0%+ /0 131 81 36 18
Linezolid Linezolid
NSA7475 24 h 0h 2h 3h 4h 5h NSA138524h Oh 2h 3h 4h 5h
Control BHI mediuim 156  15.1 8.6 35 gg  oonmdlBHL L4 73 22 17 15
medium
Glucose 10% 152 149 83 3.1 22  Glucose10%  15.3 7.5 23 18 14
Vancomycin 15.3 15.0 8.5 34 2.1 Vancomycin 154 7.4 2.2 1.6 1.6
Linezolid 149 147 8.4 34 ) Linezolid 14.8 7.2 2 17 15
0, 0,
Glucoee 10% 154 149 86 33 gy 'Glucoeel0Bs ., 74 24 19 15
Vancomycin Vancomycin
0, 0,
Gluse i+ 149 146 85 31 9q |CluoeelOer .. 77 24 17 16
Linezolid Linezolid
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Table S4. Relative mRNA expression levels of virulence genes of four S. aureus strains cultivated in a
WLM added with glucose 10%, vancomycin (0.5x MIC), linezolid (0.5x MIC), glucose 10% +
vancomycin (0.5x MIC) and glucose 10% + linezolid (0.5x MIC) after 24 h (H24) and 16 weeks (W16).

NSA739 H24 NSA739 W16 1077 H24 1077 W16 7475H24 7475 W16 1385 H24 1385 W16

WLM alone hla 131 -1.88 1.22 -1.92 1.14 -1.78 1.04 ~1.25
seqa 1.21 -1.82 125 -1.76 1.09 -1.44 1.16 -1.33

fnbpA -0.26 1.79 1.04 1.84 1.16 1.56 -0.12 121

spa -0.34 1.84 -0.22 1.59 1.21 1.66 -0.25 1.52
agr 1.17 -18 1.08 -1.83 y i | -1.59 1.07 -1.39

edinB ND ND 1.45 -1.66 1.02 1.39 ND ND

lukFS-PV ND ND 1.55 -1.72 ND ND ND ND
WLM + Glucose 10% hla 1:22 -3.07 1.29 -5.14 1.08 -7.59 1.58 -1.05
seqa 1.27 -2.89 125 -1.84 1.03 -2.61 1.14 -1.67

fnbpA -1.96 4.04 -1.8 3.38 -1.95 3.08 -1.13 1.52

spa -2.46 2.39 -7.66 3.44 -2.96 247 -1.7 1.77
agr 1.89 -2.82 191 -2.58 1.87 =272 1.67 -1.42

edinB ND ND 10.37 -6.1 8.15 -7.41 ND ND

lukFS-PV ND ND 8.12 -4.02 ND ND ND ND

WLM + Vancomycin hla 1.6 3.72 1.61 2.25 1.07 245 1.19 1.22

seqa 193 5.14 137 2.04 1.23 317 1.14 1.3
fnbpA -1.19 -9.68 -1.31 =3.31 -14 -4.29 -1.01 -1.07
spa -1.85 -4.32 =11 -2.01 -1.06 -3.71 -1.07 -1.66

agr 197 10.65 1.95 2.07 1.16 241 1.19 1.08

edinB ND ND -1.28 -15.38 -14 -9.66 ND ND

lukFS-PV ND ND 1.88 -1.2 ND ND ND ND
WLM + Linezolid hla -2.37 -4.57 -2.15 -3.03 -2.03 -3.31 -1.14 -1.05
sea -2.58 -4.37 -2.05 -3.38 -2.06 -2.49 -1.42 -121

fubpA 2.34 3.78 1.93 3.39 1.74 2.1 1.49 1.36

spa -1.58 4.25 -3.34 2.44 -3.65 8.99 1.06 1.98
agr -1.28 -2.31 -1.56 -2.04 -1.28 -2.85 -1.36 -1.17

edinB ND ND -2.26 -22.66 -3.22 -14.38 ND ND

lukFS-PV ND ND 12.51 -12.18 ND ND ND ND
A hla -148 -11.67 21 -8.96 15 -12.52 112 -201

Vancomycin

sea -1.42 -2.21 -1.38 -6.03 -1.89 -6.56 -1.1 -1.67

frnbpA 347 5.34 29 4.08 2.56 293 1 3.78

spa 2.84 4.61 219 5.71 3.33 8.31 1.31 1.99
agr -1.97 -4.49 -1.46 -6.37 -1.23 -2.88 -1.27 -1.76

edinB ND ND 3.6 -11.6 2.42 -13.14 ND ND

lukFS-PV ND ND 4,96 -22.96 ND ND ND ND
WLM + Glucose + Linezolid hla -2.13 -8.24 -2.04 -5.09 -1.5 -7.26 -1.1 -2.08
sea -2.08 -7.09 -2.11 =2.29 -1.12 -3.17 -1.64 -1.68

fubpA 2,61 4.6 1.24 2.23 1.13 6.82 1.37 2.84

spa -1.85 5.05 -1.99 6.25 =25 4.84 -1.19 1.62

agr -1.27 -4.78 -2.43 =212 -15 -2.43 -1.06 -19

edinB ND ND -1.34 -12.2 1.2 -13.07 ND ND

lukFS-PV ND ND 3.98 -22.32 ND ND ND ND
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Table S5. Primers used in the study.

Primer Use and Target Target  Primer

. ; Oligonucleotide Sequence Tm (°C) References
Function Region Name
a hemolysin hla hla- F 5'- TCCAGTGCAATTGGTAGTCA -3’ 55.3 [18]
hla- R 5'- GGCTCTATGAAAGCAGCAGA-3’ 57.3
Enterotoxin a sea sea- F 5'- ATGGTGCTTATTATGGTTATC -3’ 52.0 [69]
sea- R 5'- CGTTTCCAAAGGTACTGTATT -3’ 54.0
PVL2 pol lukS-F 5'- AATAACGTATGGCAGAAATATGGATGT-3 58.9 [70]
lukS-R 5'- CAAATGCGTTGTGTATTCTAGATCCT-3’ 60.1
Edin edinB edinB-F 5'- GGTGACGTGAACAAATTATCCGA-3' 58.9 [71]
edinB-R 5- ATCTTTCTTITIGTTATCAGAAAGTTITA-3 54.3
MSCCRAMM fnbpA  fnbpA-F 5'- AAATTGGGAGCAGCATCAGT -3 553 [72]
fnbpA-R 5'- GCAGCTGAATTCCCATTTTC -3’ 55.3
Protein A spa spa-F 5- TATGCCTAACTTAAATGCIG -3’ 51.1 [73]
spa- R 5'- TTGGAGCTTGAGAGTCATTA -3’ 53.2
Accessory gene regulator agrA agrA-F  5-CAAAGAGAAAACATGGTTACCATTATTAA-3" 582 [74]
agrA-R 5'- CTCAAGCACCTCATAAGGATTATCAG -3 61.6
Housekeeping genes gyrB gyrB-F 5'- GGTGGCGACTTTGATCTAGC -3 59.3 [73]
gyrB-R 5'- TTATACAACGGTGGCTGTGC -3 57.3
Toxins 2021, 13, 230. https://doi.org/10.3390/toxins13030230 www.mdpi.com/journal/toxins
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Résumeé travail n°4 :

La publication précédente a montré la modulation du potentiel de virulence et
de la capacité a former du biofilm des souches de S. aureus dans un environnement
mimant les infections du pied diabétique. Ces premiers résultats nous ont hautement
démontré I'importance de travailler sur des modeéles in vitro proches de ce qui est
observé au niveau du lit de la plaie afin de comprendre le comportement des bactéries
responsables du processus infectieux. Aussi, nous avons voulu améliorer notre
modele in vitro précédemment décrit et se concentrer sur les caractéristiques de
'environnement « plaies chronique » en général et non plus uniquement pied
diabétique. L’idée était qu’ensuite, nous pourrions complémenter ce milieu de base,
pour se rapprocher des diverses plaies chroniques existantes telles que les IPD (confer
article précedent ; ajout de glucose, d’antibiotiques, condition anaérobie). La premiére
partie de notre travail a alors été de référencer les données de I’environnement
microbiologique, cellulaire et inflammatoire des plaies chroniques mais aussi les

caractéristiques physico-chimiques telles que la température ou encore le pH présent.

Ce nouveau milieu innovant a été appelé CWM « Chronic Wound-like
Media », il a été développé pour étudier de maniére plus précise le biofilm
polymicrobien présent a la surface de la peau des plaies chroniques, facteur majeur
du retard de cicatrisation. En effet, les interactions bactériennes qui régissent le biofilm

sont des clés pour améliorer la prise en charge des infections chroniques.

Pour valider ce nouveau modéle in vitro, des souches cliniques de S. aureus et
P. aeruginosa co-isolées d’infections chroniques ont été cultivées dans ce milieu
pendant 24 heures en culture seule ou en association. Nous avons décidé de
déterminer dans ledit milieu versus un milieu classique microbiologique (le milieu Brain

Heart Infusion - BHI) plusieurs caractéristiques bactériennes via :

- Une étude de la croissance bactérienne par une cinétique a 24h
- Une étude phénotypique de la présence de small colony variants

et de la pigmentation ou B- hémolyse des souches
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- Une étude de la formation de biofilm précoce au travers de
cinétique d’adhésion et de formation de biofilm en BioFilm Ring Test
®(1ab5h)

- Une étude sur la quantité de biofilm mature produit en 24h et 48h
en dénombrement

- Une étude de la virulence via un modeéle C. elegans

Apres 24h de culture dans le CWM, nous avons observé que seule la croissance
de S. aureus était affectée par rapport au milieu contréle, la phase stationnaire étant
réduite de 2 log. De maniére intéressante la croissance est augmentée quand les
souches de S. aureus sont co-cultivées avec P. aeruginosa. Les études sur la virulence
montrent que toutes les souches présentaient une virulence diminuée dans le modéle
nématode lorsqu’elles étaient cultivées dans le CWM. Enfin, cette réduction du
potentiel de pathogénicité est a corréler a une augmentation de la capacité de ces
mémes souches a former du biofilm plus rapidement en CWM. En effet, les souches
arrivent a former un biofilm complétement mature en seulement 3h versus 5h lorsque

cultivées dans un milieu témoin.

Dans cette étude nous avons donc confirmé l'impact de I'environnement sur
diverses caractéristiques bactériennes. Nous avons aussi prouvé qu’au sein de la plaie
chronique infectée, S. aureus et P. aeruginosa coopéraient. Finalement, ce modéle
fournit un nouvel outil pour I'étude des coopérations bactériennes et de la

compréhension du biofilm polymicrobien.
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Abstract

Word count: 304

Biofilm on the skin surface of chronic wounds is an important factor in the pathology, inhibiting wound healing. The polymicrobial
nature of these infected wounds and bacterial interactions inside this pathogenic biofilm are the keys for understanding chronic
infection. The aim of our work was to develop an innovative in vitro medium that closely mimics the chronic wound emphasizing
the microbiological, cellular and inflammatory environment of chronic wounds but also focusing on the pH found at the wound level.
This new medium, called chronic wound medium (CWM), will thus facilitate the study of pathogenic biofilm organization. Clinical
Staphylococcus aureus and Pseudomonas aeruginosa strains co-isolated from diabetic foot infection (DFI) were collected and
cultivated in this new medium for 24h in mono- and co-culture. Bacterial growth (growth curves), presence of small colony variant
(SCV), biofilm formation (BioFilm Ring Test® assay, biofilm biomass quantification) and virulence (survival curve in a Caenorhabditis
elegans model) were evaluated. After 24h in the in vitro conditions, we observed that P. aeruginosa growth was not affected,
compared with a control bacterial medium, whereas for S. aureus, the stationary phase was reduced by two logs. Interestingly, S.
aureus growth increased when co-cultured with P. aeruginosa in CWM. In co-culture with P. aeruginosa, SCV forms of S. aureus
were detected. Biofilm studies showed that bacteria, alone and in combination, formed biofilm faster (as soon as 3h) than the
bacteria exposed in a control medium (as soon as 5h). The virulence of all strains decreased in the nematode model when
cultivated in our new in vitro medium. Taken together, our data confirmed the impact of the chronic wound environment on
biofilm formation and bacteria virulence. They indicated that P. aeruginosa and S. aureus cooperated in co-infected wounds.
Therefore, this in vitro model provides a new tool for bacterial cooperation investigation and polymicrobial biofilm formation.

Contribution to the field

This study, presents a new affordable, convenient and reliable in vitro medium called chronic wound medium to study the bacterial
interactions in the wound environment and to investigate their role inside the biofilm. The two main pathogens isolated from
these wounds (P. aeruginosa and S. aureus) cooperated in this environment. This new medium gives some new insights in the
understanding of the bacterial cooperation in chronic wounds.
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Abstract

Biofilm on the skin surface of chronic wounds is an important factor in the pathology, inhibiting wound
healing. The polymicrobial nature of these infected wounds and bacterial interactions inside this
pathogenic biofilm are the keys for understanding chronic infection. The aim of our work was to
develop an nnovative in vitro medium that closely mimics the chronic wound emphasizing the
microbiological, cellular and inflammatory environment of chronic wounds but also focusing on the
pH found at the wound level. This new medium, called chronic wound medium (CWM), will thus
facilitate the study of pathogenic biofilm organization. Clinical Staphylococcus aureus and
Pseudomonas aeruginosa strains co-isolated from diabetic foot infection (DFI) were collected and
cultivated 1n this new medium for 24h in mono- and co-culture. Bacterial growth (growth curves),
presence of small colony variant (SCV), biofilm formation (BioFilm Ring Test® assay, biofilm
biomass quantification) and virulence (survival curve in a Caenorhabditis elegans model) were
evaluated. After 24h in the in vitro conditions, we observed that P. aeruginosa growth was not affected,
compared with a control bacterial medium, whereas for S. aureus, the stationary phase was reduced by
two logs. Interestingly, S. aureus growth increased when co-cultured with P. aeruginosa in CWM. In
co-culture with P. aeruginosa, SCV forms of S. aureus were detected. Biofilm studies showed that
bacteria, alone and in combination, formed biofilm faster (as soon as 3h) than the bacteria exposed in
a control medium (as soon as 5h). The virulence of all strains decreased in the nematode model when
cultivated in our new in vifro medium. Taken together, our data confirmed the impact of the chronic
wound environment on biofilm formation and bacteria virulence. They indicated that P. aeruginosa
and S. aureus cooperated in co-infected wounds. Therefore, this in vifro model provides a new tool for
bacterial cooperation investigation and polymicrobial biofilm formation.
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Bacterial effect of chronic wound medium

1. Introduction

Chronic wounds are a major public health challenge worldwide. Skin diseases represent an important
human issue as well as an economic burden [1]. The incidence of chronic wounds is likely to be
underestimated. These pathologies are becoming increasingly frequent due to an aging population and
earlier development of chronic illnesses such as diabetes mellitus, among others [2]. Recent estimations
suggest that more than 7 million people are currently affected in the United States and 4 million people
in Europe, and this figure 1s expected to rise by two percent in the next decade [3]. Chronic wounds
are defined by four types of pathologies: diabetic foot ulcers (DFU), vascular ulcers (containing venous
and arterial ulcers), and pressure ulcers (PU) [4]. Infections are a common complication of these ulcers
delaying healing. They are associated with substantial morbidities, requiring frequent healthcare
provider visits, daily wound care, antimicrobial therapy, and surgical procedures with associated high
healthcare costs [5]. The difficulty in treating those non-healing wounds is partially caused by the
polymicrobial nature of the skin bed [6], in which microorganisms are organized in pathogenic biofilms
[7]. In order to better decipher biofilms and to find new anti-biofilm approaches, social traits of bacteria
and their interactions inside the matrix of extracellular polymeric substances (EPS) need to be explored.
The most frequent, and studied, interaction described in chronic wounds is that between
Staphylococcus aureus and Pseudomonas aeruginosa, due to the high prevalence of both species in
these wounds [8]. Some studies, especially in a cystic fibrosis context, have shown that P. aeruginosa
quickly killed §. aureus when grown together in vitro [9]. This killing is due to exoproducts of
P. aeruginosa, such as 4-hydroxy-2-heptylquinoline-N-oxide (HQNO) [10], the Pel and Psl products
[11], and pyocyanin [ 12]. However, more recent data suggested that the interaction between the species
could be symbiotic, with, for example, the secretion of P. aeruginosa alginate having a protective effect
on §. aureus [13,14]. So far, very few data are available concerning chronic wounds. The main
hypothesis is that both microorganisms are present, but occupy distinct regions of the wound without
interacting [15]. Recently, Alves et al. observed interactions between the two species influencing both
colonization and pathogenicity in this clinical situation [16]. The only in vitro model developed for the
study of multispecies biofilms at the wound level was the Lubbock model [17]. DeLeon et al. used it
to study interactions between P. aeruginosa and S. aureus inside the polymicrobial biofilm [18].
However, in all these studies, the experiments were performed under conditions that did not consider
the “clinical” environment of the chronic wounds. Indeed, to our knowledge, no culture media has been
used to study microorganisms closer to in vivo conditions considering wound parameters such as pH,
temperature, cellular and inflammatory environment, the presence of serum or the wound irrigation.
The aim of our work was to develop a new affordable, convenient and reliable in vitro medium to study
the bacterial interactions in the wound environment encountered in chronic wounds and to investigate
their role inside the biofilm.

2. Materials and Methods
2.1 Bacterial strains and culture conditions

All bacterial strains used in this study are listed in Table 1.

The in vitro chronic wound medium (CWM) is composed as follows: 79.5% of Bolton broth, 20% of
heat-inactivated human serum, 0.5% of hemolyzed human blood (Table 2). This medium, adapted from
Sun et al. [17], was complemented by adding 1.10%mL of human keratinocytes debris (HaCaT cells).
Finally, the pH was adjusted to 8.0 by buffering with 10mM HEPES / NaOH. By adding serum and
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Bacterial effect of chronic Wound medium

blood to the Bolton broth, the CWM mimics the three major constituents of the chronic wound bed:
red blood cells, serum and damaged tissues.

Bacteria were grown in bacterial culture tubes or in Erlenmeyer culture flasks under shaking at 200
rpm, 37°C in brain-heart infusion (BHI, Sigma-Aldrich) broth or in CWM.

2.2 Growth curves

Samples of the bacterial growing culture were collected at different time points, diluted in 1X
phosphate buffered saline ((PBS) Thermo Fisher Scientific, Gibco) and plated on non-selective agar
(Luria-Bertani agar, ThermoFisher Scientific) in monoculture or in selective agar when bacteria were
grown in co-culture (Mannitol salt agar for S. aureus, Oxoid and Cetrimide agar for P. aeruginosa,
Oxoid) to evaluate the number of CFU/mL. Co-cultures were initiated 1:1 starting with 4.10* CFU/mL.
Cultures were grown under the same conditions, with the same microbiological culture flask under
static and aerobic environment at 37°C for 24-hr. Each experiment was performed in triplicate.

2.3  Phenotypical characteristics of the strains

To investigate the impact of the co-culture on the strains physiology, the bacteria were plated before
and after co-culture in BHI or CWM. 20 pL of the suspension were inoculated onto Tryptic soy blood
agar (Sigma-Aldrich), without antibiotics, and incubated 48-72-hr at 37°C. Colonies were described
after 48 and 72-hr according to: presence/absence of B-hemolysis (for S. aureus), colony morphology,
and characteristic pigment production (for P. aeruginosa). Both S. aureus and P. aeruginosa with a
distinctive morphology (compatible with small colonies variants (SCV)) were sub-cultured onto
Tryptic soy blood agar plates 48-72-hr at 37°C to evaluate the reversibility of the colony morphology.

24  Kinetics of early biofilm formation

The early biofilm formation was assessed using BioFilm Ring Test® (BioFilm Control, Saint Beauzire,
France), as previously described [19] and according to the manufacturer’s recommendations. This
assay allows the observation of the dynamic immobilization of superparamagnetic microbeads
embedded in biofilms. P. aeruginosa and S. aureus strains were sub-cultured on BHI agar (control)
and CWM agar at 37°C for 24-hr. Six colonies were inoculated into BHI broth as the control condition
or in CWM and homogenized. The bacterial suspension was standardized to an optical density at 600
nm of 1.00 £ 0.05 and diluted 1:250 in BHI broth or CWM (without human keratinocytes debris) to
obtain a final concentration of 4.10° CFU/mL using a defined calibration curve between OD and
CFU/mL. This bacterial suspension was complemented with 1% (*/v) magnetic beads (TON004).
200uL were then added, in triplicate, into a 96 well microplate (Falcon 96 Flat Bottom Transparent,
Corning, USA) for each time point (1, 3 and 5-hrs). The plates were incubated without shaking at 37°C.
After incubation, 100uL of liquid contrast (LIC001) solution was added on the top of each well. The
microplate was placed on a magnetic block for 5 minutes and scanned using the Biofilm Control plate
reader and the BFCE3 software provided by the company. Each experiment was performed twice in
triplicate. A negative control was systematically included in each experiment corresponding to the
medium and beads without bacterial suspension.

Spots were quantified through specialized image algorithms that measure beads aggregation. Biofilm
index (BFI) values were calculated for each well, ranging from 0 (no aggregation, i.e. biofilm
formation) to 20 (total aggregation, 1.. absence of biofilm formation). A BFI <2 represents the cut-off
for fixed biofilm.

2.5  Quantification of biofilm biomass
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Bacterial effect of chronic wound medium

The mature biofilms were evaluated using bacterial quantification [20]. The optical density at 600nm
of overnight bacterial suspensions, in BHI broth or CWM, were adjusted to 1.00 + 0.05, before a 1:100
dilution in BHI broth or CWM. 200uL of each suspension were transferred to a microplate (Falcon 96
Flat Bottom Transparent, Corning, USA) in triplicate and incubated at 37°C, 5% CO; for 24-hr without
shaking. Negative control wells contained BHI broth or CWM alone. After incubation, the microplates
were washed three times with 200uL of 1X PBS. 200uL of 1X PBS was finally added into the well
before biofilm disruption. The disruption was performed by sonication for 10 min at 40 KHz. Each
well was then 10-fold serially diluted and the last dilution was plated on non-selective agar (LB agar)
or in selective agar when bacteria were grown in co-culture (Mannitol salt agar for S. aureus and
Cetrimide agar for P. aeruginosa). The agar plate was then incubated overnight at 37°C and CFUs
were counted. The experiment was performed twice for each sample. Experiments were performed
with either bacteria alone or in co-culture.

2.6  Nematode killing assay

The nematode infection assay was performed as described previously [21] using the Fer-15 mutant
line, a temperature sensitive fertility defect. Overnight cultures of S. aureus and P. aeruginosa strains
in BHI broth or CWM were incubated at 37°C under shaking. 100uL of the bacterial suspension were
spotted on nematode growth medium (NGM) agar. A control with the Escherichia coli OP50 strain
was used for nematodes. This bacterium is the standard feeding strain for Fer-15 since it shows no
pathogenic virulence factors. Around 30 L4 stage nematodes were then seeded on each plate and
incubated at 25°C. Every day, an independent reader scored the number of alive nematodes under a
stereomicroscope (Leica, France). The Lethal time 50% (LT50), which corresponds to time (in days)
required to kill 50% of the worms was calculated.

2.7 Statistics

t-test was used to compare the in vitro bacterial growth of the different strains as well as the comparison
of the early kinetics of biofilm formation and biofilm biomass. To compare overall survival curves in
nematode killing assays, a Cox regression was used. For pairwise comparison of two survival curves
in nematode killing assays, we used a log rank test. Statistical analyses were performed using GraphPad
Prism version 7 or R version 3.5.2. Tests used for the p-value determination are mentioned in each
figure legend.

3.  Results
3.1  Modification of S. aureus growth in the in vitro CWM

CWM is a medium developed to mimic the in vivo conditions encountered in chronic wounds. To
evaluate its effect on bacteria, we firstly compared the bacterial growth of two of the main
microorganisms isolated from chronic wounds in this new medium and in an usual microbiological
medium (BHI). Concerning S. aureus, we noted that the reference strain Newman presented a
significant decrease of the growth curves at early exponential phase in the CWM (Figure 1A) compared
to BHI (p<0.001) and a difference of one log once the stationary phase reached (p<0.001). The same
profile was observed for the clinical strain SAC1, with a clear delay of the early exponential phase and
a significant difference of 0.5 log at stationary phase of bacterial growth in the CWM vs BHI (p<0.01)
(Figure 1C).
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Bacterial effect of chronic Wound medium

For P. aeruginosa, no difference was observed in growth curves for the reference strain PAO1 in BHI
or CWM medium (Figure 1B). The clinical strain PAC1 had a reduced growth rate of the last part of
the exponential phase (after 8hr) and a slight difference of 0.2 log once the stationary phase reached
(p=0.0874 (not significant (NS)) (Figure 1D).

The phenotypic modifications of the bacteria are presented in Supplementary Table S1. Globally,
cultures in CWM showed significantly more SCVs and a loss of B-hemolysis by S. aureus and of
pigmentation by P. aeruginosa (p<0.01).

3.2 Co-culture of P. aeruginosa and S. aureus in the in vitro CWM

Due to the frequent co-isolation of S. aureus and P. aeruginosa in chronic wounds [15], we compared
the growth of the co-cultured reference and clinical strains on BHI and CWM. P. aeruginosa PAO1 —
S. aureus Newman were able to grow in co-culture in both media (Figure 2A). Moreover, no difference
in bacterial growth was seen when the strains were co-cultured (p=0.32 (NS)). Concerning the clinical
strains, both species were able to grow in a similar way in the two media (p=0.21(NS)) (Figure 2B).
However, a slight decrease of SAC1 growth was observed in CWM (p = 0.05 at 8-hrs). Interestingly,
the delay of the early exponential phase of SACI1, observed between 0-4-hrs when SAC1 was cultivated
alone, was not present in co-culture. Moreover, SACI growth was modified in CWM. Indeed, when
co-cultured with P. aeruginosa PAC1, SAC1 seemed to reach its growth plateau faster at 6hrs versus
8hrs) and with higher bacterial load (log 9 vs log 8.7 in monoculture) compared to the growth of SAC1
alone (Figures 1C and 2B).

As observed with bacteria cultivated alone, the co-culture in CWM significantly increased the
morphotypes of SCVs and decreased the B-hemolysis of S. aureus and the presence of pigmentation of
P. aeruginosa (p<0.01) (Supplementary Table S2).

3.3  Impact of CWM on early biofilm formation

To determine the impact of CWM on the bacterial virulence and particularly on biofilm formation, we
used the BioFilm Ring Test® on P. aeruginosa or S. aureus cultivated alone. Firstly, we validated the
performance of the BioFilm Ring Test® using the CWM. At 1, 3 and 5-hr, the control conditions
showed that the microbeads were perfectly mobile in CWM, similar to results obtained in BHI medium
(Supplementary Table S3). This result confirmed that the CMW (without human keratinocytes debris)
could be used in this test without modification.

Secondly, we evaluated the kinetics of the early biofilm formation of both reference strains. We
observed that S. aureus Newman and P. aeruginosa PAOI sticked very quickly to form a biofilm in
CWM compared to BHI (BFI= 3.7+0.2 vs 19+0.1 and 24+0.2 vs 6.7+0.3, for S. auwreus and
P. aeruginosa, respectively) (p<0.01) (Figure 3A). This significant difference was always observed at
3hr (p<0.001) (Figure 3B). At 5-hr, no difference was seen, showing that both reference strains have
strongly adhered.

Finally, the study of the S. aureus clinical strain showed that SAC1 formed a biofilm in 5-hr in the BHI
medium (Figure 3C). This biofilm was constituted significantly faster in CWM than in BHI with a
biofilm formed in 3hr (Figure 3B). The kinetics of biofilm formation was significant different between
the two media (Figures 3A and 3B) (p<0.01), suggesting the influence of CWM on the biofilm
induction. The same trend could be noted for P. aeruginosa PACI. This strain developed a biofilm
much later, and the biofilm remained incomplete even after 5-hr in BHI (Figure 3C). However, at each
measured point, the difference of BFI was significant (p<0.01) with, for example, a BFI value of 12+0.4
in BHI and 4.8+0.3 in CWM at 5-hr (p<0.001).

34 Mature biofilm biomass is enhanced in the CWM
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Bacterial effect of chronic wound medium

To corroborate the effect of the CWM on the early biofilm formation, we evaluated the mature biofilm
biomass of the different strains. In monoculture, all strains presented a significant higher number of
bacteria in the biofilm constituted in CWM than in BHI (p<0.01) (Figure 4). For three of these isolates
(Newman, SAC1 and PAO1), this augmentation was particularly significant, with a difference on
average of a factor 10 (one log) (Figure 4A) (p<0.01). The difference in number of bacteria counted in
biofilm in both media was slightly less significant for the PACI strain, but always higher in the CWM
vs BHI (p<0.1).

In co-culture, the same trend was observed, with a significant increase of the number of bacteria
counted in biofilm constituted in CWM than in BHI (p<0.01) (Figure 4B). Interestingly, the
combination of S. aureus and P. aeruginosa in CWM significantly favored the biofilm formation of
S. aureus at the expense of P. aeruginosa (Supplementary Table S4).

Those results are correlated with the early biofilm measurements and corroborated that the CWM
induced a faster and heavier biofilm.

3.5  Bacteria in CWM are less virulent in a nematode Kkilling assay

Finally, we evaluated the impact of the CWM on bacterial virulence using a nematode killing model
validated to study the host-pathogen interactions [22-24]. In the C. elegans model, both S. aureus
strains killed the nematodes more rapidly than the avirulent E. coli OP50 strain, irrespective of the
culture medium used (p<0.001) (Figure 5). However, a significant difference of LT50s was noted
between Newman and SACI in BHI, with an increased nematode lifespan in presence of Newman
(LT50=6 days £0.5 vs 5 days £0.5, respectively; p<0.001). When the S. aureus strains were cultivated
in CWM, their virulence in the nematode models were significantly decreased compared to strains
cultivated in BHI (6-8 £0.5 vs 5-6 £0.5, respectively, p<0.001, Figures 5A, 5C).

We observed the same trend for P. aeruginosa with: 1) PAO1 and PACI1 grown in BHI or CWM killed
the nematodes more rapidly than the avirulent E. coli OP50 strain (p<0.001); 11) the LT50s were shorter
for bacteria cultivated in BHI compared to those cultivated in CWM (2-3 days 0.5 vs 4-5 0.5,
respectively; Figures 5B, 5D) (p<0.001).

4. Discussion

Microorganisms behaviour is highly dependent on the environment in which they evolve. Classically,
n in vitro experiments, bacteria are grown in conventional culture media, a very artificial condition
compared to the environment encountered by the bacteria in clinical situations. This condition
influences the bacterial virulence, but this effect is currently far from the clinical conditions. The
development of new in vitro models mimicking in vivo conditions remains an important challenge to
mmprove our knowledge on the pathophysiology of the infections and to evaluate new therapeutic
solutions.

In the chronic wound context, the environment encountered by microorganisms is very different to the
general composition of classical microbiological culture media. Interfering factors specific to this
clinical situation include the high bacterial diversity, the numerous bacterial interactions, the influence
of the patient’s immune status with the modifications of the local pH, temperature, and tissue
hypoxemia (inducing oxygen deprivation) [7,25-28]. All these elements modulate bacterial virulence
and lead the microorganisms to form a complex polymicrobial biofilm community [7]. Previously, Sun
et al. [17] developed a chronic wound-like environment (the Lubbock model) adapted to both the
growth of bacteria isolated from wounds and biofilm formation, aimed to mimic the microbiological
environment of chronic wounds. However, this model did not closely reflect the human wound
environment due to the use of animal products such as blood and plasma in concentrations that seemed
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not to be relevant with clinical data obtained in human wounds. Recently, we modified this medium
by adding 10% glucose to mimic a DFU environment [24] and observed a clear effect on S. aureus
virulence, demonstrating the value of developing a more physiological medium. However, we believed
that further improvements were necessary. We compared the composition of the medium described by
Sun et al. and the clinical observations of chronic wounds. These ulcers are rarely irrigated due, in part,
to vascular complication [29,30]. A lower concentration of serum, preferred to plasma [31], and blood
in the medium described above were more relevant thus we used 0.5% of hemolyzed human blood and
20% of heat-inactivated human serum to be as close as possible to the chronic wound environment.
The use of Bolton broth was maintained with a concentration of 79.5%. Bolton broth is a peptone-
based medium of animal origin and makes it possible to model the nutrients likely to be present in the
early stages following debridement (e.g., damaged and degraded tissue and abundance of extracellular
matrix compounds). The Bolton broth, serum and blood thus form the three major constituents found
in the wound bed, namely red blood cells, serum and damaged tissues. The Sun et al. model used a
more acidic pH than those found in chronic wounds (7.2 vs 8.5) [17,32-34]. Indeed, the physiological
pH of the skin is acidic (pH: 4-5) [35]. In the wound context, the pH significantly increases to reach
around 8-9 [32-34]. This basic pH is one of the main characteristics of a non-healing wound. Usually,
the healing process leads, by the local oxygen and nutrient requirements, to an acidification [36,37].
The pH then returns to normal upon complete healing. However, in the case of chronic wounds, since
there is no healing process, the pH remains around 8-9. We consequently buffered our medium at pH
8.0 with 10mM HEPES/NaOH. Finally, to mimic the cellular and inflammatory environment present
in the wound [38], we also added 1.10%mL of human keratinocytes debris. Thereby, we proposed a
new in vitro model more similar to a chronic wound environment.

To validate this model, we studied the interaction between S. aureus and P. aeruginosa, two of the
main microorganisms present in chronic wounds [8]. Co-infection by these two strains has been
frequently described [15] and shown to cause more severe infections than mono-infection [39,40].
However, difficulties in growing them together in vitro has delayed the understanding of their
interaction. In our study, the CWM gave reproducible and reliable results. P. aeruginosa and S. aureus
were able to grow alone or co-cultivated. Growth was different in CWM than in traditional laboratory
growth medium (BHI). In monoculture, the species reached maximum cell density higher in BHI than
in the CWM (p=0.00103). More importantly, in co-culture, contrarily to what was previously described
[9,41], S. aureus was not quickly eradicated by P. aeruginosa in either BHI or CWM: not only both
species were able to coexist in both media, but the co-culture in CWM allowed S. aureus to reach a
higher cell density. In particular, there was no early lag phase in the growth curve in co-culture as
observed in monoculture in CWM (Figure 2). Recent studies have reported that P. aeruginosa could
have a protective effect for S. aureus [13,14]. We confirm this trend, since this initial lag phase did not
exist in co-culture. In addition, the plateau reached after 24hr of co-culture corresponds to a higher cell
density (p=0.00261). This indicates that the CWM influences the behaviour of one or both of the
bacteria species.

As the environment could represent a major source of stress for bacteria, we evaluated the role of CWM
on biofilm formation and virulence. Firstly, we examined the early adhesion, the first step of biofilm
formation, and the mature biofilm formation by CFU counts of biofilm biomass from mono- and co-
cultures. The results obtained showed that adhesion was facilitated in the CWM compared to the BHI
(Figure 3). Indeed, all the strains adhered more quickly in the CWM. We also verified whether, beyond
the early adhesion step, the CWM facilitates biofilm formation by measuring the biomass present inside
the biofilm after 24hr of incubation. The results corroborated the early adhesion evaluation (Figure 4).
Globally, this indicates that the CWM medium is compatible with biofilm studies and that this
environment induces a rapid and strong biofilm. Interestingly, these results are consistent with the
behaviour of the strains described in chronic wounds [7,25], suggesting that this new medium is close
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304  enough to the clinical situation and could mimic the environment encountered by bacteria in these
305  ulcers. Secondly, we investigated the effect of the CWM on bacterial virulence. All S. aureus and
306  P. aeruginosa strains tested were significantly less virulent in the CMW, compared to BHI (Figure 5).
307  Thus, CMW medium is suitable for virulence tests, supporting our earlier studies showing that the
308  environment present at the chronic wound level influences the strains' virulence [24]. Thus, in this non-
309  rich condition, bacteria are under stress and develop a rapid and dense biofilm and decrease their
310  wvirulence, hijacking the immune defence system and maintaining the chronicity of the wound. Further
311  studies must be done to evaluate the bacterial cooperation and regulation of biofilm on planktonic and
312 sessile status.

313

314  This medium presents multiple benefits, notably in providing a means to study bacterial virulence and
315  cooperation in a chronic wound environment. It also gives the possibility to modify different
316  parameters. For example, to mimic DFU we could vary the glucose concentration, as glucose is an
317 important factor influencing wound healing [42,43] and bacterial behaviour [24]. Moreover, as
318 antibiotics are classically overused in this clinical situation, we could add different antibiotic
319  concentrations and evaluate their impact on biofilm formation and bacterial virulence. Some authors
320  have already highlighted and criticized the fact that the scientific community does not have a relatively
321  standardized model to reliably study biofilm under in vivo conditions [44,45]. Thus, this new medium
322 contributes to this standardization to provide a more reliable model for research on chronic wounds
323 and could help to lead to the discovery of future therapeutic molecules with anti-biofilm strategy.

324 In conclusion, we improved the in vifro wound-like model described by Sun et al. [17] to try to
325  better reflect the chronic wound environment. This study showed that the CWM, an affordable
326  (approximatively 100 euros/liter), reproducible and reliable medium, allows the study of multiple
327  bacteria species known to be present in chronic wounds and requiring in-depth study. In this model,
328  we highlighted that the CMW had a strong impact on bacteria behaviour, notably on their growth,
329 interaction, biofilm formation and virulence. Moreover, S. aureus and P. aeruginosa displayed
330  synergism with an improved growth of S. aureus in the presence of P. aeruginosa. Taken together,
331  these data suggest that virulent bacteria growing together in wounds have a main common objective to
332 hijack the host immune defence by co-aggregating symbiotically in a pathogenic biofilm [46] that
333 participates considerably in the chronicity of the wound.

334

35 & Figures

336  Figure 1. Growth curves of reference (A, B) and clinical (C, D) strains of S. aureus and P. aeruginosa
337 in CWM and BHI media. Cultures were sampled at the indicated time points, and the numbers of
338  bacteria were estimated by CFU enumeration of P. aeruginosa and S. aureus on non-selective medium.
339  Experiments were performed in three biological replicates; data points represent the average of these
340  replicates and error bars represent the standard deviation. Comparisons were performed with t-test.
341  Significance was set to a p-value < 5%. ns, not significant; ***, p<0.001; **, p<0.01.
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Figure 2. Growth curves of 1:1 co-reference clinical (A) and clinical (B) strains of S. aureus and
P. aeruginosa in CMW and BHI media. Cultures were sampled at the indicated time points, and the
numbers of bacteria were estimated by CFU enumeration of P. aeruginosa and S. aureus on selective
medium. Experiments were performed in three biological replicates; data points represent the average
of these replicates and error bars represent the standard deviation. Comparisons were performed with
t-test. Significance was set to a p-value < 5%. ns, not significant; *, p<0.1.
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353  Figure 3. Kinetics of biofilm formation assessed by BioFilm Ring Test® at 1 hour (A), 3 hours (B)
354  and 5 hours (C) for clinical and reference S. aureus and P. aeruginosa strains. Comparisons were
355  performed with t-test. Error bars represent standard deviation. Significance was set to a p-value < 5%.
356  The dotted horizontal line <2 represents the cut-off for fixed biofilm. Control is well without bacteria.
357

2,
. BH (B) W BHI3H
W CWM1H ; . CWM 3H

Biofilm Index
Biofilm Index

W O S5H
(C) B CWM 5H

Bioflim Index

358
359  Figure 4. Quantification of biofilm of S. aureus and P. aeruginosa clinical and reference strains grown

360  in monoculture (A) or 1:1 co-culture (B). Samples were tested in triplicate in two independent
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experiments. Comparisons were performed with t-test. Significance was set to a p-value < 5%. **%*,

p<0.001; **, p<0.01; *, p<0.1.
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370 6. Tables

371  Table 1. Strains used in this study.
Strain Characteristics References

PAOI P. aeruginosa reference strain [47]

Newman S. aureus reference strain (48]

SACI Clinical strains of S. aureus co-isolated with PACI from a In this study
diabetic foot ulcer (Grade 3)

PAC1 Clinical strains of P. aeruginosa co-isolated with SAC1 from In this study
a diabetic foot ulcer (Grade 3)

372

373

374

375

376  Table 2. Composition of the chronic wound medium (CWM).
CWM composition

79.5% Bolton broth v/v
20% heat-inactivated human serum v/v

0.5% hemolyzed human blood v/v
1x10%/mL debris of human keratinocytes (HaCaT)

NaOH 1M for a fixed pH 8
1% IM HEPES

377
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Résumeé travail n°5:

Apres avoir développé un milieu in vitro mimant I'environnement plaie
chronique, le CWM, nous nous sommes focalisés sur l'utilisation de nouvelles
techniques appliquées a notre thématique et notamment celles permettant I’étude
dynamique de biofilm en temps réel. Classiquement, les approches expérimentales
pour étudier les microorganismes ne sont pas adaptées a I'étude de leur mode de vie
complexe en biofilm. Au cours des dernieres années, les chercheurs ont donc
développé différents modeéles expérimentaux associant analyse moléculaire et
microscopie. L'utilisation des modeéles statiques de biofiims a permis d’avancer
considérablement dans la compréhension de ce mode de vie. La technique des
microplaques multi-puits, couplée a I'analyse de mutants de transposition, a permis
d’identifier de nombreux génes impliqués dans la formation des biofilms. Les modéles
statiques ont I'avantage d’étre simples et faciles a utiliser, ils sont généralement peu
colteux et ne nécessitent, la plupart du temps, pas d’équipement sophistiqué. lls sont
cependant loin de représenter la réalité. L’absence de flux entrainant un épuisement
des ressources nutritives et une accumulation des produits métaboliques,
'environnement se modifie mais ce changement n’est pas comparable a celui qui se
produit au cours du développement d’'un biofilm dans des conditions naturelles. Pour
cela, les modéles dynamiques sont plus indiqués car ils rendent possible I'apport
continu de milieu de culture et I'élimination des déchets, simulant ainsi les conditions
in vivo. De plus, ils permettent également la simulation des conditions

environnementales complexes.

Le systéme BioFlux™ 200 de Fluxion permet de réaliser des expériences dans
des conditions physiologiques d'écoulement grace a [l'utilisation de microplaques
permettant le contréle précis des forces de cisaillement mais également la visualisation

du biofilm polymicrobien en microscopie a contraste de phase ou confocale.

Nous avons donc adapté ce systéme en flux, le BioFlux™ 200 afin de pouvoir
utiliser ce systéme avec le milieu CWM pour mimer les conditions observées dans les
plaies chroniques et auxquelles sont soumises les bactéries. Pour cela, deux souches

de référence de S. aureus et P. aeruginosa ont été utilisées en mono et co-culture
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dans le BioFlux™ pour suivre une cinétique de formation de biofilm allant de 24 a 72
heures. A 'aide de cette étude nous avons :
- Etabli un protocole de quantification de biofilm formé
- Etabli un protocole de débridement automatisé pour mimer la
premiére étape de prise en charge des plaies chroniques
- Etabli un protocole pour tester Iefficacité de différents
antibiotiques (Imipenéme, ceftazidime, vancomycine, oxacilline et
linézolide) a plusieurs concentrations (1x la concentration minimale

inhibitrice, 10x et 100x) sur un biofilm préformé et débridé.

Les résultats ont mis en évidence que, comme dans les études précédemment
décrites, les deux espéces qu’elles soient seules ou associés constituaient, de
maniére plus rapide, un biofilm plus dense dans le CWM par rapport a un milieu dit
contréle. L’étude de I'effet des antibiotiques sur le biofilm débridé a montré que, méme
a des concentrations trés élevées, certains antibiotiques étaient incapables de

réduire la biomasse présente dans le biofilm (vancomycine et imipenéme).

Cette étude a donc démontré que l'utilisation de milieu de culture mimant un
environnement stressant en combinaison avec une technique adaptée a la formation
de biofilms proches de ceux observés au niveau des plaies chroniques était un outil
intéressant et prometteur pour étendre nos connaissances concernant les
coopérations microbiennes mais aussi pour tester le potentiel thérapeutique de

nouvelles molécules a valeur ajoutée antibiofilm.
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Abstract: The polymicrobial nature of biofilms and bacterial interactions inside chronic wounds are
keys for the understanding of bacterial cooperation. The aim of this present study was to develop
a technique to study and visualize biofilm in live imaging under flow conditions (Bioflux™ 200,
Fluxion Biosciences). The Bioflux™ system was adapted using an in vitro chronic wound-like
medium (CWM) that mimics the environment encountered in ulcers. Two reference strains of
Staphylococcus aureus (Newman) and Pseudomonas aeruginosa (PAO1) were injected in the Bioflux™
during 24 h to 72 h in mono and coculture (ratio 1:1, bacteria added simultaneously) in the CWM
vs. a control medium (BHI). The quantification of biofilm formation at each time was evaluated by
inverted microscopy. After 72 h, different antibiotics (ceftazidime, imipenem, linezolid, oxacillin
and vancomycin) at 1x MIC, 10x MIC and 100x MIC were administrated to the system after an
automatic increase of the flow that mimicked a debridement of the wound surface. Biofilm studies
highlighted that the two species, alone or associated, constituted a faster and thicker biofilm in the
CWM compared to the BHI medium. The effect of antibiotics on mature or “debrided” biofilm
indicated that some of the most clinically used antibiotic such as vancomycin or imipenem were
not able to disrupt and reduce the biofilm biomass. The use of a life cell imaging with an in vitro
CWM represents a promising tool to study bacterial biofilm and investigate microbial cooperation in
a chronic wound context.

Keywords: antibiotics; biofilm; Bioflux™ 200; chronic wounds; flow conditions; live imaging;
living cells

1. Introduction

Chronic wounds are a severe and expensive worldwide problem [1]. Wounds are
considered chronic when the healing process fails to happen normally and the functional
integrity of the skin is not achieved after more than 4 weeks [2]. Infections contribute to
nonhealing wounds and are the consequence of microorganisms’ multiplication in the
wound bed, leading to a prolonged excessive inflammatory response and delays in the
re-epithelialization [3]. Chronic wounds include diabetic foot ulcers, pressure or decubitus
ulcers and venous or arterial leg ulcers [4]. The cost of treatment, amputation, rehabilitation,
and long-term care of these chronic wounds are estimated to be around USD 10.9 billion [1].
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A biofilm is a sessile community of bacterial cells enclosed by a self-secreted extra-
cellular polymeric matrix (EPS) present at the wound bed in 60-80% of cases [5,6]. These
microbial communities have the potential to colonize and grow on surfaces of medical im-
plants such as catheters or implants but also on tissues themselves [7]. Bacterial biofilms are
a serious health problem due to their abilities to tolerate antibiotics, host defence systems
and other external stresses contributing to the chronicity of the infection. Indeed, a biofilm
EPS provides an additional resistance power of bacteria to tolerate stressful environments
and antimicrobial agents, leading to the emergence of multidrug resistant bacteria [8].
Evidence showed that polymicrobial biofilm present in chronic wounds plays a major role
in the inability of wounds to heal [9].

The chronic wound bed presents a complex microenvironment that typically includes
more than one bacterial species interacting with each other [10]. Antibiotic therapy corre-
sponds to one of the main treatments used to reduce the bacterial burden; however, there
is a lack of evidence concerning its complete effectiveness in this clinical situation [11]. De-
spite this, patients with chronic wounds receive significantly more antibiotic prescriptions
than other age- and gender-matched patients [12]. The physicians have to evaluate the
role of each microorganism in the persistence of chronic wounds and distinguish between
colonizing and infecting bacteria before applying antibiotic treatments [13]. The delicate
balance between infection and colonization as well as the presence of sessile bacteria at
the wound bed imply that most antibiotics are nonconclusive solutions to optimally treat
chronic wound infections. Moreover, according to some publications, antimicrobial suscep-
tibility depends on the environment in which bacteria evolved [14,15]. It is thus important
to test the efficiency of antibiotics or new antibiofilm molecules in an environment closely
related to the conditions encountered in vivo to clearly evaluate their potential and to
avoid the risk of multidrug resistant bacteria emergence. The aim of this work was to
describe a new in vitro model to study biofilm formation under flow condition in a medium
mimicking chronic wounds environment. This model could be an interesting approach to a
better knowledge on biofilm formation and organization but also to evaluate antimicrobial
strategies in conditions close to the in vivo wound environment.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

All bacteria and media used in this study are listed in Table 1.

Table 1. Bacterial strains and media used in the study.

Strain Characteristics References

PAO1 Pseudomonas aeruginosa reference strain [16]
Newman Staphylococcus aureus reference strain [17]

Media Characteristics References

Brain Heart Infusion, Reference medium

o for bacterial culture AGE SRR
Chronic wound medium, medium
mimicking in vivo conditions
« . European patent
CWM encountered in chronic wounds. application
Composition: 79.5% Bolton broth, 20% EP21305337

decomplemented human serum, 0.5%
haemolysed human blood, HaCaT debris

The composition of the in vitro chronic wound medium (CWM) (corresponding to
European patent application EP21305337, filed on 18 March 2021) is presented in Table 1.
To summarize, this new in vitro model is composed of a Bolton broth, a peptone-based
medium of animal origin that makes it possible to model the nutrients likely to be present
in the early stages following the debridement of the wound (e.g., damaged and degraded
tissue and abundance of extracellular matrix compounds). Human serum and blood are
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also added to form the three major constituents found in the wound level, namely, red
blood cells, serum and damaged tissues. Moreover, studying the chemical environment of
the wound, we found that the pH is significantly increased to reach around 8. This basic
pH is one of the main characteristics of a nonhealing wound caused by a modification due
to the local oxygen deprivation and nutrient requirements. We consequently buffered our
medium at pH 8.0 with 10 mM HEPES/NaOH. Finally, to mimic the cellular and inflam-
matory environment present in the wound, we added 1.10°/mL of human keratinocytes
debris.

Bacteria were grown overnight in bacterial culture tubes under shaking at 200 rpm, in
aerobic condition at 37 °C in the brain heart infusion (BHI, Sigma-Aldrich, Saint-Quentin-
Fallavier, France) broth or in the CWM.

The antimicrobial susceptibility testing of isolates was performed by a broth microdilu-
tion method on the BHI medium according to EUCAST recommendations
(https:/ /www.eucast.org/clinical_breakpoints, accessed on 1 January 2021). The same
procedure was applied in the CWM to compare the effect of this medium on antibiotics
action.

2.2. Biofilm Formation of Monoculture and Mixed-Culture in a Microfluidic System

To investigate biofilm formation, we used the microfluidic system of a BioFlux™
200 (Fluxion Bioscience Inc., Alameda, CA, USA). The system included an inflow well
connected by microchannel to an outflow well (Figure 1). Colonies of the strains were
resuspended in 3 mL of BHI or CWM and were incubated at 37 °C with shaking (220 rpm)
overnight. A bacterial suspension was then prepared from this overnight culture stan-
dardized to an ODgqy of 0.1 £ 0.05 following two serial 1:200 dilutions. For the mixed
culture, after the preparation of those bacterial suspensions, a mixed solution of S. aureus
and P. aeruginosa was made. The primary step of the experiment consisted of priming the
channel of the BioFlux™ system with 500 uL of fresh medium in the inflow well with a
pressure setting of 1 dyne/cm? for 10 min. The remaining medium present in the well
was then withdrawn. Thereafter, the microfluidic channels were inoculated by injecting
the bacterial suspension of mono or mixed-culture from the output reservoir for 30 min at
1 dyne/cm?. The setup was placed on the heating plate at 37 °C. This step is important to
enhance bacterial adhesion in the channel. Finally, the bacterial suspension was transferred
in the inflow well for 72 h with pressure and temperature settings of 0.2 dyne/cm? and
37 °C, respectively. Biofilms were obtained with bacteria cultivated either alone or in
combination, in the BHI medium and in the CWM.

CFU counts on mixed biofilm (coculture of S. aureus Newman and P. aeruginosa PAO1)
after 24 h, 48 h and 72 h inside the Bioflux ™ 200 system in both the BHI and CWM
media were performed by flow reversion in order to control the presence of each species.
After dilutions, the bacteria were plated on nonselective (Luria-Bertani agar) and selective
agar (cetrimide agar for P. aeruginosa and mannitol salt agar for S. aureus) plates. Three
independent experiments were performed.

2.3. Gene Expression of P. aeruginosa Exopolysaccharides and Alginate Biosynthesis by
Real-Time (RT)-PCR

Sessile bacteria were recovered from the microfluidic channel to the output well by
an increase of the flow. We applied a pressure of 20 dynes/cm? for 30 min. Bacteria
were then pelleted by centrifugation and resuspended in 1 mL of PBS 1X. We analysed
the mRNA (transcription) levels of the exopolysaccharides pel, psl and of the regulator of
alginate biosynthesis algD. Total cellular RNA was extracted using the Rneasy® Mini kit
(Qiagen, Courtaboeuf, France) and treated with RNase-free DNase (Qiagen) for 30 min at
37 °C, after which a second step of purification was performed. RT-PCR was carried out
in a LightCycler® using the one-step LightCycler® RNA Master SYBR Green I kit (Roche
Applied Science, Meylan, France) according to the manufacturer’s protocol. The specificity
of the generated products was tested by melting point analysis. Amplifications were per-
formed in triplicate from three different RNA preparations. Cycle threshold (Ct) values of
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the target genes were compared with the Ct values of the housekeeping rpoD gene, chosen
as an endogenous reference for normalizing the transcription levels of the target gene. The
condition where bacteria were cultivated in a BHI medium was used as the control and
the normalized relative expressions of the studied genes in the CWM were determined
for each strain according to the equation 2—AACt , where AACt = (Ctgene — Crpop) in the
CWM and (Ctgene — Ctrpop) in the BHI medium. Primers used were listed in Table 2.

Pneumatic
pressure
e [ |
1 -
LA A aba
Input well Output well
Microfluidic channel Biofilm

Microscopy objective

Figure 1. Schematization of the BioFlux™ 200 organization. This system delivers controlled shear
flow for simulating physiological and environmental conditions. It allows the connection by mi-
crochannel of an inflow well to an outflow well. Biofilm formation will occur in the microfluidic
channel under shear flow condition. A microscope can be placed underneath the microfluidic channel,
allowing a live observation of the biofilm formation.

Table 2. Primers used in the study.

Primers Used and ; . 3 s
Target Function Target Region Primer Name Oligonucleotide Sequence Reference
GDP-mannose s algD-F 5-CGTCAACGTCAACGTCGTG-3/ (18]
6-dehydrogenase 8 algD-R 5'-AACAGCAGCTTGCCCTTGTA-3' "
" q pel-F 5'-AGCAAGAAAGGAATCGCCG-3/ 1]
xopolysaccharides pe pel-R 5'-GACCGACAGATAGGCGAAGG-3'
Econnionmiarid ol psl-F 5'-CTGCCCTCACCTTTCGCC-3/ (1]
opolysaccharides P3 psl-R 5-GGAAGGATCAGCTGCG-3'
S i rpoD-F 5-CGATCGGTGACGACGAAGAT-3/ 18]
SUERReCPIg gele F rpoD-R 5-GTTCATGTCGATGCCGAAGC-3'

2.4. Automatized Debridement and Antibiotic Treatment in the Microfluidic System

In order to mimic a clinical debridement, which represents the first step of clinical
management of a chronic wound, we developed a technique to remove part of the pre-
formed biofilm. After 72 h of biofilm formation, a shear flow of 5 dynes/cm? was applied
from the input well to the output well for 10 min. The flow was then reversed from the
output well for 10 min. This process of flow reversion was performed twice for debrided
monomicrobial biofilm and 4 times for the debridement of a mixed polymicrobial biofilm.
The aim of this flow inversion was to significantly reduce the biofilm constituted in the
microfluidic channel.
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After an analysis of clinical studies [2,20-22] concerning the debridement efficiency
of the wound bed, we determined that the biofilm was never completely removed. There
was always a percentage of remaining biofilm that facilitated its reformation. Clinical data
estimated the effectiveness of debridement whether mechanical, surgical, enzymatic or
other to be around 85% [23]. Thus, using flow inversion on the BioFlux™ system, we
tried to recreate this phenomenon of remaining preformed biofilm. Therefore, we fixed a
maximum of 13 to 15% of remaining biofilm in the channel to mimic the in vivo conditions.
The aim of this mechanical debridement was to further study the effect of antimicrobial
molecules on preformed debrided biofilm. After the automatized debridement, a dynamic
flow (0.2 dyne/cm? at 37 °C) of antibiotics was applied to evaluate their actions on the
remaining preformed biofilm for 24 h. All antibiotics and the concentrations used in this
study are listed in Table 3.

Table 3. Antibiotics used and minimum inhibitory concentration determined in the study.

Concentrations Used EUCAST MIC MIC in the BHI MIC in the

Antibiotics Strains in the Preformed Breakpoints .
Biofilm (mgP/L) Medium (mg/L) CWM (mg/L)
Vameomycit g peeueNewman 1,10, 100x MIC 2 1 1
(Mylan)
Oxacillin (Astellas) 1,10, 100x MIC ND! 05 1
Linezolid
(Fresenius Kabi) 1,10, 100x MIC 4 1 1
Imipenem P. aeruginosa PAO1 1,10, 100x MIC 4 1 2
Ceftazidime
(PanPharma) 1,10, 100x MIC 8 1 1

1 ND, not defined.

To confirm the effect of antibiotics, a determination of dead bacteria among the
disrupted biofilm was performed as previously published [24]. Briefly, bacteria released
from the biofilm were collected in the output well after 24 h of antibiotics exposure in
the BioFlux™ 200 in both the BHI medium and the CWM. The total number of bacteria
present in the suspension was calculated by measuring the optical density at 600 nm
and concentrations were obtained following our standard curve. After dilutions, bacteria
were plated on nonselective (Luria-Bertani agar for monocultures) or selective agar plates
(cetrimide agar for P. aeruginosa and mannitol salt agar for S. aureus for coculture). CFU
counts were then performed giving the number of living bacteria present in the output
well. The number of dead bacteria was calculated by the difference between the total
number of bacteria and the number of living bacteria. Finally, the percentage of dead
bacteria corresponded to the ratio: number of dead bacteria/total number of bacteria.
Three independent experiments were performed.

2.5. Visualisation and Quantification of Biofilm

After 24 h, 48 h and 72 h of incubation, biofilm formation was recorded using a
fluorescence inverted microscope DM IRB (Leica Biosystems, Nanterre, France) coupled
with a CoolSNAP FX camera (Roper Scientific, Lisses, France). A video was recorded in
real time at a rate of 60 frames per seconds. MetaVue™ software (Molecular Devices,
Sunnyvale, CA, USA) was used for imaging. Image]® was utilized to colour black and
white images, to include scale bars and to calculate biofilm percentage. The 16-bit grayscale
images were adjusted with the threshold function to fit the bacterial structure and were
analysed using the “Analyze Particles” function. The percentage of biofilm was evaluated
before and after automatized debridement and after 24 h of antibiotics treatment following
the same protocol as previously described [25,26].
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24h
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2.6. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 7 or R version 3.5.2.
Tests used for the p value determination are mentioned in each figure legend.

3. Results
3.1. Evaluation of Biofilm Formation in the Bioflux™ System

To evaluate the potential of biofilm formation under BioFlux™ flowthrough con-
ditions of two of the main species isolated from chronic wounds, we determined the
percentage of biofilm formation of S. aureus Newman, P. aeruginosa PAO1 and a mixed
culture in the control BHI medium and the new CWM (better adapted to mimic the envi-
ronment encountered in wounds) developed in our unit.

The two reference strains were able to form biofilm and to remain attached under
shear force (Figures 2 and 3).

B 24h

100
30
e L
60 = CWM
T ¥
® ol
0-
BHI cwm
48h
100 e
80
60
] -
s 40+ - CWMm
® 204
0-
BHI cwM
F 72h
100+ e
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g i -
- CWMm
5
2 )
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BHI cwMm

Figure 2. Kinetics of the biofilm formation of Staphylococcus aureus Newman in the BioFlux™ system. (A,C,E) correspond
to representative images taken at different times ((A) 24 h; (C) 48 h and (E) 72 h) of biofilm formation in the CWM and
BHI media. The images are the result of one of the three experimental triplicates. Biofilm is visualized by the black part in
between the white lines. Percentages of biofilm formation are presented at 24 h (B), 48 h (D) and 72 h (F) postincubation in
both media after three independent experiments. They were determined by the Image] software application. Results are
presented as the mean =+ standard deviation. Statistics were performed using a t-test on GraphPad Prism version 7. N,

p > 0.05; *** p < 0.001.
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Figure 3. Kinetics of biofilm formation of Pseudomonas aeruginosa PAO1 in the BioFlux™ system. (A,C,E) correspond to
representative images taken at different times ((A) 24 h; (C) 48 h and (E) 72 h) of biofilm formation in the CWM and BHI
media. The images are the result of one of the three experimental triplicates. Biofilm is visualized by the black part in
between the white lines. Percentages of biofilm formation are presented at 24 h (B), 48 h (D) and 72 h (F) postincubation in
both media after three independent experiments. They were determined by the Image] software application. The white

arrow indicates the presence of the exopolysaccharides structures formed by P. aeruginosa during biofilm formation. Results

are presented as the mean =+ standard deviation. Statistics were performed using a f-test on GraphPad Prism version 7. N,
p>0.05; * p < 0.01; ** p < 0.001.

The S. aureus Newman strain formed a biofilm at each time point (Figure 2). Inter-
estingly, at 24 h the percentage of constituted biofilms ranged from 22.0% = 0.2 when the
strain was cultivated in the BHI medium to 46.5% == 0.4 in the CWM (p < 0.001) (Figure 2B).
This significant difference was increased at 48 h post inoculation with 36.0% =+ 0.2 of
bacteria in the biofilm within the BHI medium vs. 77.2% =+ 0.5 within the CWM (p < 0.001)
(Figure 2D). Finally, after 72 h, the percentage of formed biofilm in CWM was almost
complete (98.3% =+ 0.1), whereas it was still incomplete in the BHI medium (63.1% =+ 0.3)
(p < 0.001) (Figure 2F). The significant difference in the biofilm formation of S. aureus in the
CWM compared to the BHI medium are visualized in Figure 2A,C,E.

P. aeruginosa biofilm formation inside the Bioflux™ system is shown in Figure 3.
Contrary to S. aureus, no difference in the percentage of biofilm formation has been observed
after 24 h post inoculation in the CWM (14.1% =+ 0.4) vs. BHI medium (16.0% =+ 0.3)
(p = Not Significant (NS)) (Figure 3B). However, significantly higher percentages of biofilm
constituted in the CWM compared to the BHI medium were noted at 48 h (49.4% =+ 0.1 and
22.0% = 0.1, respectively) (Figure 3D) and at 72 h (75.7% = 0.2 and 63.1% = 0.1, respectively)
(p < 0.001) (Figure 3F). The coloured pixels in the images (Figure 3A,C,E) confirmed the
presence of a more intense biofilm in the CWM after 48 h. Interestingly, the presence of
particular structures has been observed at 72 h in the CWM (Figure 3E). To understand
those particular structures (arrow in Figure 3E) observed after 72 h of monoculture of
P. aeruginosa cultured in the CWM in the Bioflux™ system, the gene expressions of the
exopolysaccharides, pel and ps, as well as the regulator of alginate biosynthesis, algD, were
analysed by qRT-PCR. Those three extracellular polysaccharides have been implicated
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in biofilm development. The results are shown in Figure 4. A significant difference in
the expression of the exopolysaccharides-encoding genes, pel (p < 0.01) and ps! (p < 0.01),
was observed after 72 h of culture. Moreover, the expression of a key regulator of the
alginate production, algD, was also significantly increased in the CWM compared to the
BHI (p < 0.001).
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Figure 4. Expression of Pseudomonas aeruginosa PAO1 pel, psl and algD genes after recovering sessile
cells in the BioFlux™ system after 72 h of culture. The normalized relative expressions of the
studied genes in the CWM were determined for each strain according to the equation 2—AACt, where
AACt = (Ctgene — Crpop) in the CWM-(Ctgene — Ctrpop) in the BHI medium. Results are presented
as the mean = standard deviation of three different experiments. Statistics were performed using a
t-test on GraphPad Prism version 7. ** p < 0.01; *** p < 0.001.

Finally, inside a mixed biofilm composed of S. aureus and P. aeruginosa, the two species
formed a faster and denser biofilm in the CWM compared to the BHI medium at any time
point (Figure 5). Indeed, a significant difference in the percentage of biofilm formation was
noted at 24 h (36.0% = 0.3 in the CWM vs. 17.4% = 0.2 in the BHI medium) (Figure 5B), at
48 h (78.0% £ 0.2 and 41.0% =+ 0.1, respectively) (Figure 5D) and at 72 h (93.3% =+ 0.2 and
72.0% =+ 0.4, respectively) (Figure 5F). It is also interesting to note that S. aureus formed a
biofilm more rapidly than P. aeruginosa PAO1 at 24 h (p < 0.001) and at 48 h (p < 0.01) in the
CWM. Moreover, in coculture, P. aeruginosa PAO1 established a more important biofilm in
coculture compared to monoculture in the CWM (p < 0.001) and the BHI medium (p <0.1).
To confirm that the mixed biofilm was equally composed by S. aureus and P. aeruginosa,
CFU counts were performed inside the BioFlux™ 200. No statistical difference in the
proportion of bacteria isolated in the BHI medium and the CWM at the same times was
observed (Table S1).

3.2. Antibiotics Activity on Preformed Biofilm Is Dependent on the Culture Media

To mimic the management of chronic wounds, we adapted an automatized debride-
ment of the biofilm inside the BioFlux™ system and administrated different antibiotics on
preformed biofilms by S. aureus Newman, P. aeruginosa PAO1 and mixed culture in the BHI
medium and the CWM.

The MIC values for each antibiotic against the studied strains are shown in Table 2.

After the constitution of a biofilm with S. aureus Newman, no effect on the reduction
of this preformed biofilm was observed using 1x MIC of vancomycin regardless of the
medium used (14.7% =+ 0.3 in the BHI medium and 15.0% = 0.1 in the CWM) (p = NS)
(Figure 6A). At 10 x and 100x MIC of vancomycin, a significant reduction of the preformed
biofilm was shown in the BHI medium (11.9% =+ 0.2) (p < 0.1), whereas no effect was noted
when the biofilm was constituted in the CWM (14.8% + 0.1) (p = NS) (Figure 6A). No
difference in the percentage of dead bacteria was noted on disrupted biofilm regardless of
the concentration of vancomycin used (Table S2). Using oxacillin, a significant reduction
in the percentage of preformed biofilm was observed at 1x MIC in the BHI medium
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(10.8% = 0.2) (p < 0.1) (Figure 5B). Interestingly, an important reduction of the biofilm was
detected using 10 and 100x MIC of oxacillin in both media (in the BHI medium: 7.4% 4 0.3
and 4.7% + 0.4, respectively; in the CWM: 8.9% + 0.3 and 8.2% + 0.3, respectively) (p < 0.01)
(Figure 6B). This observation was correlated with a significant increase in the percentage
of dead bacteria detected in the two media (p < 0.01) (Table S2). The same observation
was noted using linezolid. A reduction of the preformed biofilm at 1x MIC was only
shown in the BHI medium (9.8% + 0.3) (p < 0.1), whereas the decreased percentage of
biofilm was more important at 10 and 100x MIC, regardless of the medium used (in the BHI
medium: 7.2% % 0.2 and 6.7% = 0.3, respectively; in the CWM: 10.6% + 0.3 and 8.5% £ 0.2,
respectively) (p < 0.01) (Figure 6C). We could note that regardless of the antibiotic used and
their concentrations, their action on preformed biofilm was significantly reduced in the
CWM compared to the BHI medium (p < 0.01).
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Figure 5. Kinetics of biofilm formation of coculture of Staphylococcus aureus Newman and Pseudomonas aeruginosa PAO1 in

the BioFlux™ system. The ratio of coculture used was 1:1. The two species were added into the system simultaneously.
(A,C,E) correspond to representative images taken at different times ((A) 24 h; (C) 48 h and (E) 72 h) of biofilm formation
in the CWM and BHI media. The images are the result of one of the three experimental triplicates. Biofilm is visualized

by the black part in between the white lines. Percentages of biofilm formation are presented at 24 h (B), 48 h (D) and

72 h (F) postincubation in both media after three independent experiments They were determined by the Image] software

application. Results are presented as the mean =+ standard deviation. Statistics were performed using a t-test on GraphPad
Prism version 7. Ns, p > 0.05; ** p < 0.01; *** p < 0.001.
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Figure 6. Percentage of biofilm reduction on preformed Staphylococcus aureus Newman biofilm in the BioFlux™ system
using vancomycin (A), oxacillin (B) and linezolid (C) at different concentrations (1x, 10x and 100x MIC) and in the CWM
and BHI media. An automatized debridement was fixed at 15% of biofilm left in the microfluidic channel. Samples were
tested in three independent experiments. Results are presented as the mean + standard deviation. Statistics were performed
using a t-test on GraphPad Prism version 7. Ns, p > 0.05; * p <0.1; ** p <0.01.

% of biofilm

1x MIC

Using P. aeruginosa PAO1, no effect could be noted on the reduction of the preformed
biofilm when 1x MIC of imipenem was administrated regardless of the medium used
(15.0% = 0.1 in the BHI medium and 14.9% =+ 0.2 in the CWM) (p = NS) (Figure 7A). When
the antibiotic concentration was increased (10x MIC and 100x MIC), a significant reduction
of the biofilm could be observed with similar results in both media (in the BHI medium:
13.4% =+ 0.2 and 12.3% = 0.2, respectively; in the CWM: 13.7% =+ 0.4 and 13% =+ 0.3,
respectively) (p < 0.01) (Figure 7A). Interestingly, 1x MIC of ceftazidime had a significant
impact on the preformed biofilm (12.4% =+ 0.2 in the BHI medium and 12.9% = 0.4 in the
CWM) (p < 0.1). This trend was increased at 10x MIC (7.6% = 0.2 in the BHI medium and
7.7% =+ 0.3 in the CWM) and 100x MIC (5.6% = 0.3 in the BHI medium and 6.4% = 0.4 in
the CWM) regardless of the medium used (p < 0.01) (Figure 7B). We could note that both
media had no influence on the antimicrobial action of ceftazidime and imipenem against
P. aeruginosa. The percentage of dead bacteria showed significant results at 10x and 100x
MIC of ceftazidime (p < 0.01) (Table S2).

10x mIC 100x mIC 1x MIC 10x MIC 100x MIC
Imipenem Ceftazidime

Figure 7. Percentage of biofilm reduction on preformed Pseudomonas aeruginosa PAO1 biofilm in the BioFlux™ system
using imipenem (A), and ceftazidime (B) at different concentrations (1x, 10x and 100x MIC) and in the CWM and BHI
media. An automatized debridement was fixed at 15% of biofilm left in the microfluidic channel. Samples were tested in
three independent experiments. Results are presented as the mean =+ standard deviation. Statistics were performed using a
t-test on GraphPad Prism version 7. Ns, p > 0.05; * p < 0.1; ** p < 0.01; *** p < 0.001. Antibiotics efficiency on preformed
Pseudomonas aeruginosa PAO1 biofilm.

Finally, when an optimized combination of antibiotics (10x MIC of ceftazidime + 10x
MIC of oxacillin and 10x MIC of ceftazidime + 10x MIC of linezolid) was used on a
preformed biofilm constituted by S. aureus Newman and P. aeruginosa PAO1, a significant
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reduction of the preformed mixed biofilm was observed in both media when the association
of ceftazidime and oxacillin (6.7% = 0.2 in the BHI medium and 7.1% = 0.3 in the CWM)
and of ceftazidime and linezolid (5.6% = 0.1 in the BHI medium and 6.2% =+0.7 in the
CWM) were used (p < 0.01) (Figure 8). The efficiency of the combination of antibiotics was
significantly increased in comparison to the antibiotic used alone on a single species at the
same concentration (p < 0.01). This observation was correlated with a significant increase
in the percentage of dead bacteria detected when we used these combinations (p < 0.01)
(Table S2). As observed with P. aeruginosa alone, the two media had no influence on the
antimicrobial action of the combination of antibiotics.

20

Control CAZ+0OXA CAZ+LNZ

Figure 8. Percentage of biofilm reduction on preformed Staphylococcus aureus Newman and Pseu-

domonas aeruginosa PAO1 mixed biofilm in the BioFlux™ system using 10x MIC of ceftazidime
(CAZ) + oxacillin (OXA) and 10x MIC of ceftazidime (CAZ) + linezolid (LNZ) in the CWM and BHI
media. An automatized debridement was fixed at 15% of biofilm left in the microfluidic channel.
Samples were tested in three independent experiments. Results are presented as the mean = stan-
dard deviation. Statistics were performed using a t-test on GraphPad Prism version 7. Ns, p > 0.05;
**p<0.01.

4. Discussion

Biofilm formation is a crucial step in the pathophysiology of chronic wounds [6]. Its
study is of concern and requires the development of new tools [27]. Classically, biofilms
are investigated using in vitro experiments in static conditions (e.g., crystal violet method,
resazurin, plates count, or microscopy). These traditional microbiological techniques have
provided great knowledge about bacterial biofilm potential. However, they present several
limitations, such as difficulties in culturing some bacteria, the study of polymicrobial
biofilm, the heterogeneity of bacterial populations inside a biofilm or difficulties in recreat-
ing some physical or biological conditions [28]. Microfluidics technologies are new and
emerging technologies that complement current biological assays. Their evaluation is
important to estimate their potential. In this study, we showed that the BioFlux™ system
was a particularly adapted and interesting strategy to study dynamic biofilm formation
in mono or mixed culture, to mimic the debridement (a crucial step in the eviction of the
biofilm, notably in wounds) and to characterize the effect of antimicrobial agents against a
preformed and debrided mono or polymicrobial biofilm. Moreover, it has been clearly es-
tablished that the behaviour of microorganisms was highly dependent on the environment
in which they evolved [6]. The environment encountered by bacteria in clinical situations
influences bacterial virulence and its potential for biofilm formation. The development
of a new in vitro medium mimicking in vivo conditions remains an important challenge
to evaluate the bacterial behaviour in a specific environment and the effect of therapeutic
solutions. Therefore, our group has adapted the “Chronic Wound-like Medium” with the
aim to be closer to physiological environments encountered in wounds.

Inside the BioFlux™ system, we observed that if the two studied species formed a
robust biofilm after 72 h as expected, species cultivated in the CWM had a significant higher
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ability to facilitate microbial adhesion and its subsequent biofilm formation compared to
the traditional microbiological medium (BHI) (p < 0.001). The S. aureus Newman strain
was particularly influenced by the CWM and formed a faster and denser biofilm compared
to P. aeruginosa PAOL. Differences in the biofilm formation of the species might underline
that the culture medium had an important impact on the bacterial behaviour as previously
observed [29]. This reinforces the need to cultivate bacteria in an environment that closely
mimics the in vivo conditions. Bacterial culture media have different compositions that can
influence bacterial phenotype such as fitness, early adhesion, biofilm formation or genes
expression [30]. To corroborate these constatations, we observed a different behaviour of
a same species in the two studied media in our study. Alginate is an exopolysaccharide
synthesized to respond to environmental conditions. It is produced by P. aeruginosa as
the most abundant extracellular matrix polysaccharide and regulated virulence, biofilm
formation and resistance to different antibiotics [31]. It has been previously shown that
the reference strain of P. aeruginosa PAO1 was a non-mucoid strain, which does not exhibit
any alginate production in the conventional culture media [32]. However, in our study,
we observed the presence and production of structures harbouring the characteristics
of exopolysaccharides as alginate, when this strain was cultivated for 72 h in the CWM
(Figure 3E) contrary to the BHI medium. After extended cultivation (72 h in our study), we
observed that P. aeruginosa PAOL1 strain up-regulated expression of the gene involved in
biosynthesis of the alginate but also of exopolysaccharides-encoding genes (pel and psl).
Those three components are keys for creating a strong scaffold involved in maintaining
biofilm integrity. Those data suggested that in the CWM mimicking stressful conditions,
bacteria could produce a stronger and denser biofilm compared to a classical microbio-
logical culture medium. It also proves that this new in vitro medium promotes a strong
and noticeable scaffold of exopolysaccharide. algG is involved in the alginate biosynthetic
operon that is required for the incorporation of L-guluronate residues into alginate. So far,
observations corroborated the fact that the strains had different behaviour depending on
the media used for culture. We could also note that a medium mimicking wound conditions
improved biofilm formation by influencing the secretion of proteins involved in the biofilm
process (e.g., alginate). The surfaces used to study biofilm formation also represent an
important parameter that influences microbial adhesion. In static models, polystyrene
is the main component of the adherent surfaces used controversially for dynamic assays
where glass is predominant. Surface-dependent attachment is especially more pronounced
in in vitro assays where no human matrix proteins such as fibrinogen or fibronectin, which
normally serve as anchors for attachment, are present [33]. The microfluidic model used
in this study allows precoating on the glass support of the shear model damaged human
cells, such as keratinocytes or melanocytes, to mimic the cellular environment present at
the wound bed, which serves as adhesion support [34].

The investigation of biofilms must also include the action of antimicrobial agents.
Biofilms are involved in more than 80% of chronic wounds infections [35]. The penetration
of antibiotics is usually reduced in biofilm due, among others, to the EPS matrix [7]. Thus,
the antimicrobial effect of antibiotics is compromised within these environments. Biofilms
of P. aeruginosa and S. aureus are particularly relevant in chronic wounds, since they are most
of the time isolated together at the wound bed and their interactions create an additional
difficulty to eradicate the biofilm [36]. Two types of in vitro biofilm models are currently
used to predict antimicrobial efficiency against biofilm: closed and open systems. Closed
systems are characterised by limited nutrients and accumulation of metabolic waste which
can create a bias in biofilm quantification [37]. Open systems better reproduce the condi-
tions encountered in vivo, as there is a permanent control of nutrient delivery, flow, and
temperature [38]. The BioFlux™ system is a microfluidic open system in which multiple
biofilms can be run at the same time [39] and where protocols adaptation to mimic in vivo
biofilm formation or biofilm management is possible (e.g., automatized debridement for
chronic wounds). In this study, we evaluated different antibiotics commonly used against
S. aureus and P. aeruginosa infections. They serve as a model, acting at different levels in
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bacteria and presenting variable activities against biofilm formation. In the BioFlux™
system, we were able to test antibiotics alone or in combination, at different concentrations
and in different media on mono or polymicrobial biofilms. The multiplicity of studies avail-
able with this technology is reinforced by the possibility to obtain image intensity results,
which can be translated to a remaining biofilm percentage evaluating the efficiency of an-
tibiotics on a preformed biofilm. Thus, we highlighted a variety of antibiotics action in our
study. Oxacillin, linezolid and ceftazidime were particularly active alone or in combination
against a preformed biofilm whereas vancomycin and imipenem had clearly few activities.
Even at 100x MIC, vancomycin was unable to reduce the S. aureus preformed biofilm. This
difference could be explained by the ability of linezolid or -lactams to penetrate deeper
into the biofilms and to be able to directly come into contact with the bacteria. Interestingly,
although the two antibiotics (imipenem and ceftazidime) used against P. aeruginosa were
not influenced by the culture medium tested, a significant difference could be observed
with the antibiotics used against S. aureus. These antibiotics presented a lower ability to
decrease the monomicrobial preformed biofilm cultured in the CWM compared to the
BHI medium. This observation is of concern and could explain the difficulties to treat
common microbial-biofilm-associated infections where bacteria are installed in this chronic
situation even if the antibiotic seems active against the bacteria following the antibiogram
results. Regarding the recent literature data on P. aeruginosa biofilm and the efficacy of
antibiotics, several studies have highlighted an inefficiency of the imipenem at sub-MIC
and MIC concentrations to reduce bacteriological biomass within the biofilm. Authors have
shown that the use of imipenem even favoured the maturation and increase of bacterial
biomass in biofilm from clinical isolates of cystic fibrosis [40,41]. Only Musafer et al. [42]
demonstrated an action of imipenem on three clinical strains isolated in a context of cystic
fibrosis. However, those conclusions were drawn with a static in vitro model of biofilm
formation. Concerning the ceftazidime effect, some studies concur with the conclusions
presented in this article. Otani et al. [43] noted the effectiveness of ceftazidime to reduce
the PAOL1 biofilm even at sub-MIC concentrations. The efficacy of ceftazidime was also
demonstrated in an in vivo model of ureteral stent infection in combination with another
antibiotic (azithromycin) [44]. This antibiotic therefore has a very valuable antibiofilm
potential but could be modulated. Indeed, it was reported by several studies that despite
the important antibiofilm potential of ceftazidime, the long-term use of the antibiotic
can cause an increase in resistance in the planktonic and sessile population [45,46]. For
S. aureus strains, the literature on the effect of vancomycin as a potential antibiofilm is
consistent with what this study highlighted. Vancomycin at MIC concentration are not
capable of generating a reduction in bacterial density within the biofilm [47]. At sub-MIC
concentrations, vancomycin use increased the formation of mature biofilm [48]. Some
studies highlighted an effect on sessile bacteria; however, the concentrations used were
particularly high (90-120x MIC) or the administration time was too long to be clinically
useful [49,50]. There are few data on the use of oxacillin on biofilm during the early stage of
formation or on preformed mature biofilm. Mirani et al. [51] demonstrated an influence of
this antibiotic on S. aureus reference strains. The mechanism could be due to the modulation
of the icaA and agr expression, two major regulator genes of biofilm formation. The efficacy
of oxacillin on mature biofilm was confirmed by Manner et al. [52]. Finally, regarding
linezolid, publications reported that this antibiotic used alone was ineffective to reduce the
biofilm of S. aureus [53] notably in osteoarticular infections [54]. Only Gander et al. [55]
observed an effect of 1x MIC on the early stage of biofilm formation but with a classic
microbiological medium and in static conditions. Those data thus reinforce the need to use
more reliable and standardized media and models to evaluate the antimicrobial agents and
their potential effects and risks. This also validates the interest in the BioFlux™ system in
these investigations.
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5. Conclusions

S. aureus and P. aeruginosa biofilms are implicated in several infections. In chronic
wounds, pathological biofilm is frequent and difficult to treat. Thus, new therapeutic
strategies are needed and the inhibition of preformed biofilms is a great challenge for the
treatment of these infections. Therefore, in vitro biofilm models should be improved in
clinical microbiology to predict the efficiency of antimicrobial treatments on sessile cells.
The combination of a new chronic wound medium and the BioFlux™ microfluidic system
represents a powerful tool to study biofilm formation and to screen the potential antibiofilm
actions of candidate molecules under conditions mimicking those encountered in vivo.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/diagnostics11101746 /51, Table S1: Percentage of S. aureus Newman and P. aeruginosa
PAO1 present inside the mixed biofilm formed in the Bioflux ™ 200 system after 24 h, 48 h and
72 h in both the BHI medium and the CWM and obtained by flow reversion. Results are expressed
as the mean =+ standard deviation of three independent experiments. Statistics were performed
using a t-test on GraphPad Prism version 7. Ns, non-significant. Table S2: Percentage of dead
bacteria of Staphylococcus aureus Newman (A) and Pseudomonas aeruginosa PAO1 (B) alone or
combined in a mixed biofilm (C) in the BioFlux™ 200 system after exposition to antibiotics in the
different media. Samples were tested in three independent experiments. Results are presented
as the mean =+ standard deviation. Statistics were performed using a t-test on GraphPad Prism
version 7. Ns, non-significant.
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Résumeé travail n°6 :

Suite aux premiers résultats obtenus dans l'article scientifique précédent, nous
avons souhaité confirmer les données préliminaires établies sur les souches de
référence en utilisant, cette fois-ci, des souches cliniques isolées de plaies chroniques
chez des patients. Ces souches ont 'avantage de correspondent davantage a la réalité
clinique. Egalement, nous voulions améliorer le modéle in vitro décrit notamment pour

I'étude des coopérations bactériennes au sein du biofilm polymicrobien.

Pour cela, nous avons étudié le comportement de souches cliniques de S.
aureus et P. aeruginosa isolées chez des patients présentant des plaies chroniques.

Nous avons, a 'aide de notre modele précédemment décrit :

- Etudié la cinétique de formation de biofilm des souches en mono et
co-culture

- Adapté nos microplaques du Bioflux™ 200 a I'aide de fond amovible
afin de visualiser et quantifier le biofilm mature

- Etabli un protocole de microscopie confocale afin de visualiser
l'organisation de biofilm mature polymicrobien incluant la
transformation des souches cliniques étudiées a 'aide de plasmides
conférant une fluorescence (GFP pour S. aureus et mCherry pour
P. aeruginosa)

- Testé lefficacité de différents antibiotiques (Ceftazidime,
imipenéme, vancomycine, oxacilline, linézolide, dalbavancine et
daptomycine) a 10x la concentration minimale inhibitrice sur le
biofilm préformé et débridé (biofilm mono-espéce et mixte)

- Etabli un protocole afin d’isoler les bactéries sessiles et les
bactéries planctoniques libérées du biofilm

- Comparé le comportement des bactéries planctoniques initiales,
des bactéries sessiles et des planctoniques libérées du biofilm sur
plusieurs caractéristiques bactériennes (croissance, formation de
biofilm précoce, expression de genes impliqués dans la régulation

et la formation du biofilm)
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Les résultats de I'étude ont confirmé que toutes les espéces bactériennes
formaient un biofilm plus rapidement dans le CWM comparé a un milieu classique
microbiologique. L'’utilisation des antibiotiques sur un biofilm débridé a indiqué que
'imipenéme et la vancomycine étaient incapables de réduire la biomasse du biofilm
contrairement au linézolide, a la ceftazidime et a la dalbavancine. L’expression
génique de lasl, rhll, pqsH, pel et psl pour P. aeruginosa et fnbpA et icaA pour S.
aureus eétait augmentée chez les bactéries sessiles par rapport a I'expression
mesurée chez les bactéries planctoniques initiales et libérées. L'expression d’'un des
facteurs de virulence de S. aureus (hla) était, quant a elle, diminuée chez les bactéries
présentent dans le biofilm. Les bactéries sessiles et libérées du biofilm ont démontré
également une facilité a adhérer et réformer du biofilm plus rapidement mais une
capacité de croissance réduite (différence de 2 log UFC/ml en comparaison avec les
bactéries planctoniques initiales). Enfin, nos observations en microscopie confocale
du biofilm polymicrobien ont prouvé que P. aeruginosa et S. aureus étaient organisés
de maniére non aléatoire au sein du biofilm polymicrobien. En effet, Pseudomonas

aeruginosa était localisé plus en profondeur dans le biofilm contrairement a S. aureus.

Ce travail de recherche a permis de mettre en évidence que la technique du
Bioflux™ 200 couplée a notre milieu de culture, le CWM, était un outil performant afin
d’étudier la coopération bactérienne au sein des biofilms polymicrobiens mais
également afin d’estimer le potentiel de nouvelles cibles thérapeutiques utilisables

contre le biofilm observé au niveau des plaies chroniques.
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Abstract

Biofilm on the skin surface of chronic wounds (CW) is an important step which makes
wound healing difficult to resolve. The polymicrobial nature inside this pathogenic
biofilm is key for understanding the chronic infection. Few models existto
study bacterial interactions inside CW. The aim of our study was to evaluate a
technique of biofilm formation under flow condition (Bioflux™ 200) using an in
vitro chronic wound-like medium (CWM) that mimics CW environment. We determined
the biofilm organization and the effect of antibiotics on biofilm.

Two clinical S. aureus and P. aeruginosa strains co-isolated from diabetic foot
infections (DFI) were collected. Fluorescent strains of bacteria were developed. Strains
were incubated in the Bioflux™ during 24h-72h in mono and co-culture (ratio1:1,
bacteria added simultaneously) in the CWM vs a control medium (BHI). Quantification

of biofilm formation and bacterial distribution were evaluated by confocal microscopy.

163



Infection des plaies chroniques & Biofilms

After 72h, different antibiotics (Imipenem, ceftazidime, vancomycin, oxacillin, linezolid,
daptomycin, dalbavancin; 10xMIC) were evaluated after a flow increase mimicking a
wound debridement. Bacterial growth, early adhesion (Biofilm Ring Test®) and qRT-
PCR on biofilm-encoding genes (spaA, fnbpA, agrA, hla for S. aureus; lasl, rhll, pel,
psl for P. aeruginosa) were evaluated before (planktonic initial) and after (sessile
and planktonic released from the biofilm) incubation in biofilm.

Our study showed that all species constituted a faster biofilm in the WLM.
Biofilm organization is a non-random structure where bacteria are found together.
Antibiotics on debrided biofilm indicated that imipenem and vancomycin were not able
to reduce biofilm biomass contrary to linezolid, dalbavancin and ceftazidime. The
genes expressions of biofilm markers (lasl, rhll and fnbpA, spaA) were overexpressed
in sessile bacteria compared to bacteria released from the biofilm. Gene expression of
a virulence factor (hlafor S. aureus) was decreased in sessile cells. Biofilm-
released bacteria presented a reduce growth plateau (difference: 2 log UFC/mL) but
were able to adhere faster compared to initial cells.

Our data confirmed the impact of CW environment on biofilm formation and the
limitation of antibiotics. They indicated that P. aeruginosa and S. aureus were non-
randomly organized inside polymicrobial biofiim. The Bioflux™ is valuable to
investigate bacterial cooperation, polymicrobial biofilm and evaluate new therapeutic

targets against biofilm

1. Introduction

Chronic wounds are a growing medical problem that cause high rates of morbidity and
mortality, costing the healthcare industry worldwide millions of dollars annually.
Wounds are considered chronic when the healing process fails to proceed normally
and that the anatomic function and integrity of the skin is not achieved in approximately
6 weeks (Clinton, 2015). Chronic wounds include diabetic foot ulcers, pressure or
decubitus ulcers, venous leg ulcers, and nonhealing surgical-site infections. Chronic
wound healing is partly hampered by the presence of bacterial infections growing as

biofilms on a complex wound exudate (Dowd, 2008; James, 2008; Metcalf, 2015;
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Peters, 2012; Nguyen 2016; Pastar 2013). Microorganisms residing in biofilms exhibit
phenotypes distinct from planktonic cells, making treatment as a major challenge.
Indeed, bacteria in biofilms can tolerate antimicrobial agent at some concentration rate
10,000 times higher than the same bacteria grown planktonically (Anderl, 2000; Zuroff,
2010). The penetration of antibiotics is generally reduced in the biofilm due, among
others, to the extrapolymeric matrix (Sharma, 2019). Two types of in vitro biofilm
models are currently used to predict antimicrobial efficacy against biofilm: closed and
open systems. Closed systems are characterized by a limited supply of nutrients and
an accumulation of wastes (Wilson, 2017). Open systems better reproduce the
conditions encountered in vivo by a permanent control of nutrient supply, flow and
temperature (Diez-Aguilar, 2017). The BioFlux™ 200 system is an open microfluidic
system supporting high throughput testing (Lebeaux, 2014) and where adaptation of

protocols to mimic the formation and management of biofilms in vivo is possible.

Chronic wounds are typically colonized by consortia of microbial species (Dowd, 2008;
James, 2008; Wolcott, 2009). Those polymicrobial infections have been proved to
present an elevated mortality rates relative to monocultures infections (Pulimood,
2002) and in vivo rabbit models demonstrated that mixte biofilm prevented wound
healing compared to their respective monocultures (Pastar, 2013 et Seth, 2012). A
major challenge of biofilm community is to understand the complex interactions
which occur between the bacterial species. Interactions between different bacterial
but also between bacterial microenvironmental factors are known to affect the outcome
of wound infections. For example, it has been observed that co-infection with P.
aeruginosa and S. aureusis associated with higher inflammatory responses,
increased antimicrobial tolerance and contributes to the chronicity of the wounds
(Hotterbeekx, 2017; Nguyen, 2016; Hoffman 2006). It appears that the spatial
organization formed by these bacteria influences their behaviour and are a key factor
for the understanding of bacterial interactions inside polymicrobial biofilm. In wounds
biopsies, it has been described that P. aeruginosa and S. aureus occupy different
niches in the wound microenvironment, with P. aeruginosa aggregates located deeper
in the wound, as compared to the more superficially located S. aureus (Fazli, 2009).
The deep P. aeruginosa aggregates produce virulence factors that destroy infiltrating
neutrophils, which also results in a constant cycle of recruitment of immune mediators

and persistent inflammatory state. This indicates that this niche is likely beneficial for
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maintaining a stable, persistent infection state (Alves, 2018). In an inter-
kingdom wound infection model, C. albicans and Citrobacter freundii were shown to
assemble (Kalan, 2016) into structured, three-dimensional biofilms, where C.
albicans provided a scaffold for C. freundiito attach and proliferate. Those studies
show the importance of considering all the species present in biofilms but also that
their organization can give us answers on the interactions they build to cooperate in

order to make the infection thrive.

An important step in the management of bacterial biofilm is based on the control of the
dissemination. Indeed, more and more studies are interested in the description of
characteristics of bacteria released from the biofilm to improve understanding of the
biofilm life cycle. Kaplan and Fine have recently shown thatA.
actinomycetemcomitans biofilm colonies are capable of releasing single cells or small
clusters of cells into liquid medium and that these released cells can attach to the
surface of the culture vessel and form new biofilm colonies faster, enabling the biofilm
to spread (Kaplan, 2002). The ability of cells released from the biofilm to have different
characteristics from the original planktonic cells or sessile bacteria was confirmed in

P. aeruginosa and in Klebsiella pneumoniae (Rollet 2009 et Guilhen 2019).

In view of those recent discoveries, from this study we describe the biofilm formation
and antibiotic efficiency on preformed biofilm of several clinical strains of P. aeruginosa
and S. aureus. We also investigated the spatial organization of P. aeruginosa and S.
aureus inside a mixed biofilm. Finally, we determine the differences of behaviour of
bacteria depending of their mode of growth. All the experiments lead in this study were
done using a culture medium and a biofilm formation model mimicking the micro-

environment found at the wound bed.

2. Materials and Methods

2.1 Bacterial strains and culture conditions
Bacteria and media used in this study are listed in Table 1.
Bacteria were grown overnight in bacterial culture tubes under shaking at 200 rpm, in

aerobic condition at 37°C in brain heart infusion (BHI, Sigma-Aldrich, Saint-Quentin-
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Fallavier, France) broth or in CWM (European patent application EP21305337)
previously described (Pouget, 2021).

Antimicrobial susceptibility testing of isolates was performed by broth microdilution
method on BHI according to EUCAST recommendations
(https://www.eucast.org/clinical_breakpoints). The same procedure was applied in the
CWM to compare the effect of this medium on antibiotics action.

Bacteria were transformed to be fluorescents using a plasmid with GFP for S. aureus
and mCherry for P. aeruginosa strains. For maintenance of plasmids, antibiotic
concentrations used was 10 pg/ml of tetracycline in S. aureus and 100 pg/ml of

gentamycin in P. aeruginosa.

2.2Biofilm formation of mono and mixed-culture in microfluidic conditions
Biofilm formation in flow conditions was performed using the microfluidic system
BioFlux™ 200 (Fluxion Bioscience Inc., Alameda, CA, USA). Bacteria tested were
plated on selective agar (Mannitol salt for S. aureus and Cetrimide for P. aeruginosa).
Colonies of the strains were resuspended in 3 mL of BHI or CWM and were incubated
at 37°C with shaking (220 rpm) overnight. A bacterial suspension was then prepared
from this overnight culture standardized to an ODsoo of 0.1 +£0.05 following a serials
200t dilutions (Naudin, 2019). The first step of the experiment consisted of priming the
channel with 500pL of medium without bacteria in the inflow well with a pressure setting
of 1 dyne/cm? for 10 minutes. The remained medium present in the well was then
withdrawn. Thereafter, the microfluidic channels were inoculated by injecting the
bacterial suspension from the output reservoir for 30 minutes at 1 dyne/cm?. The setup
was placed on the heating plate at 37°C. Finally, the bacterial suspension was added
in the inflow well for 72-hr with pressure and temperature settings of 0.2 dyne/cm? and
37°C. Biofilms were obtained with bacteria cultivated either alone or in mixed culture
in BHI and in the CWM.

2.3Recovery of sessile and free-bacteria from mature biofilm
In order to recover bacteria at the end of their biofilm life cycle, the outflow well was
discarded at 24-hr and 48-hr to avoid the collection of non-adherent bacteria. The
output well was then recovered at 72-hr to collect planktonic bacteria released from

the biofilm. To collect sessile bacteria, we used an increase of the flow as previously
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described (Pouget, 2021). Briefly, 500pl of culture medium was added in the input well
and a flow rate of 20 dynes/cm? was applied for 20 minutes, alternating the direction
every 5 minutes. Bacteria are then centrifuged and the bacterial pellet is stored at -20
° C. A cell viability test was carried out for each sample using the LIVE/DEAD™
BacLight™ Bacterial Viability Kit (ThermoFisher Scientific, France).

2.4 Automatized debridement and antibiotic treatment in the microfluidic
system
To mimic the first step of clinical management of a chronic wound, we developed an
automatized debridement the aim of which is to remove part of the pre-formed biofilm
(Pouget, 2021). After 72-hrs of biofilm formation, a shear flow of 5 dynes/cm? was
applied from the inflow well to the outflow well for 10 minutes. The flow was then
reinversed between the inflow and the outflow wells for 10 minutes. This process of
flow reversion was performed twice for monomicrobial biofilm and 4-times for mixed
polymicrobial biofilm. The aim of this flow inversion was to significantly reduce the
biofilm constituted in the microfluidic channel to a maximum of 15% of remaining biofilm
in the channel to mimic the in vivo conditions. Indeed, clinical studies determined that
the biofilm is never completely removed after a wound debridement. There is always a
percentage of remaining biofilm that makes its reformation facilitated. Clinical data
estimate the effec-tiveness of debridement whether mechanical, surgical, enzymatic
or other around 85% (Mori, 2019). After this automatized debridement, a dynamic flow
(0.2 dyne/cm? at 37°C for 24-hrs) of antibiotics was applied to evaluate their actions
on the remaining pre-formed biofilm. All antibiotics and the concentrations used in this

study are listed in Table 2.

2.5Visualisation and quantification of biofilm
After 24-hr, 48-hr and 72-hr of incubation, biofilm formation was recorded using a
fluorescence inverted microscope DM IRB (Leica Biosystems, Nanterre, France)
coupled with a CoolSNAP FX camera (Roper Scientific, Lisses, France). MetaVue™
software (Molecular Devices, Sunnyvale, CA, USA) was used for imaging. ImageJ®
was utilized to color black and white images, to overlay fluorescent images, to include
scale bars and calculate biofilm percentage. The 16-bit grayscale images were

adjusted with the threshold function to fit the bacterial structure and were analyzed
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using the “Analyze Particles” function. The percentage of biofilm was evaluated before

and after automatized debridement and after 24-hr of antibiotics treatment

2.6 Organization of polymicrobial biofilm using confocal microscopy
Planktonic S. aureus and P. aeruginosa cells expressing GFP or mCherry were grown
and imaged by CLSM as followed. Overnight cultures were diluted to an ODsoo of 0.1
followed by a 400" serial dilution into fresh medium (CWM). Mixed solution of S. aureus
expressing GFP and P. aeruginosa expressing mCherry at the same concentration
were done. A microscopy slide was added on the microfluidic channel of the BioFlux
system to be able to remove mature biofilm formed in the channel. We let biofilm
formed for 72-hr. Then, the microscopy slide is carefully removed and washed twice in
1X PBS before fixing cells with 3 % PFA. The slide is then covered with a coverslip,
and imaged with an inverted Olympus Fluoview FV10i confocal laser scanning
microscope fitted with a Plan-Apochromat 63%/1.40 numerical aperture oil differential
interference contrast (DIC) objective set to a 1.0x% digital zoom. In addition to the
acquisition of DIC images, a 488-nm argon laser was used to excite any GFP present
in the cells; a 588-nm argon laser was used to excite mCherry fluorescence and the
emissions were collected with a 600- to 650-nm band pass filter. Images collected from

biofilms were rendered with the Imaris 7.0.0 software suite (Bitplane, Saint Paul, MN).

2.7Growth curves
Sessile cells, planktonic initial and release from biofilm were inoculated into 3 mL of
CWM and grown for 3 hours with shaking. Cultures were then diluted into fresh media
so that the initial OD was detectable above the OD of media alone (1:1-1:20 dilution
rate). Cells (200 pL) were then inoculated into a 96-well flat-bottom microplate (Costar).
Cultures were grown at 37 °C in an automatic microplate reader (Tecan Infinite F200),
shaking at 200 rpm. ODsoo readings were taken every hour with continuous shaking

between readings. Each experiment was performed three times.

2.8Kinetics of early biofilm formation
The early biofilm formation was assessed using Biofilm Ring Test® (BioFilm Control,
Saint Beauzire, France) as previously described (Chavant, 2007) and according to the
manufacturer’'s recommendations. P. aeruginosa and S. aureus (sessile and

planktonic initial and released) strains were cultured on liquid medium (CWM) at 37°C
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for 6-hr. The bacterial suspension was standardized to an optical density at 600 nm of
1.00 + 0.05 and diluted at 1:250 in CWM to obtain a final concentration of 4.10°
CFU/mL. This bacterial suspension was complemented with 1% (V/v) magnetic beads
(TONOO04). 200uL were then added, in triplicate, into a 96 well microplate for each time
point (1, 3 and 5 hours). The plates were incubated without shaking at 37°C. After
incubation, 100uL of liquid contrast (LIC0O01) solution was added on the top of each
well. The microplate was placed on a magnetic block for 5 minute and scanned using
the scanner and the BFCE3 software. Each experiment was performed two times using
triplicates. Spots are quantified through specialized image algorithms that measures
beads aggregation. Biofilm index (BFI) values are calculated for each well, and range
from O (no aggregation, i.e. biofilm formation) to 20 (total aggregation, i.e. absence of

biofilm formation)

2.9 Quantification of biofilm biomass

The mature biofilms were evaluated using bacterial quantification of biofilm biomass.
The optical density at 600nm after 6-hr of incubation of bacterial suspensions, in CWM,
were adjusted to 1.00 + 0.05, before a 1:100 dilution in CWM. 200 pL of each
suspension were transferred to a microplate (Falcon 96 Flat Bottom Transparent,
Corning, USA) in triplicates and incubated at 37°C, 5% CO:2 for 24h without shaking.
Negative controls wells contained CWM alone. After incubation, the microplates were
washed three times with 200 pL of 1X PBS. 200 pL of 1X PBS was finally added into
the well before biofilm disruption. The disruption was performed by sonication for 10
min at 40 KHz. Each well was then serially diluted and the last dilution was plated on
non-selective agar (LB agar). The agar plate was then incubated overnight at 37°C and
CFUs were counted. The experiment was performed twice for each sample.

210 Gene expression of key regulators of biofilm formation
Analysis of the mRNA (transcription) levels of spaA, fnbpA, hla, agrA for S. aureus
and lasl, rhll, pel, psl for P. aeruginosa genes were performed following the method
previously described by Doumith et al (Doumith, 2009). Briefly, total cellular RNA was
extracted using the Rneasy® Mini kit (Qiagen, Courtaboeuf, France) and treated with
RNase-free DNase (Qiagen) for 30 min at 37°C, after which a second step of
purification was performed. RT-PCR was carried out in a LightCycler® using the one-
step LightCycler® RNA Master SYBR Green | kit (Roche Applied Science, Meylan,

170



Infection des plaies chroniques & Biofilms

France) according to the manufacturer's protocol. The specificity of the generated
products was tested by melting- point analysis. Amplifications were performed in
triplicate from three different RNA preparations. Cycle threshold (Ct) values of the
target genes were compared with the Ct values of the house-keeping rpoD gene for P.
aeruginosa and gyrB gene for S. aureus. Those genes were chosen as endogenous
reference for normalizing the transcription levels of the target gene. The condition
where planktonic initial bacteria were cultivated in CWM was used as control and the
normalized relative expressions of the studied genes in sessile and planktonic cells
released from the biofilm in CWM were determined for each strain according to the
equation 2-AACt, where AACt = (Ctgene — Cthousekeeping gene) initial planktonic bacteria
CWM - (Ctgene — Cthousekeeping gene) Sessile or released cells in CWM. Primers used in

this study are listed in Table 3.

2.11 Statistics
Statistical analyses were performed using GraphPad Prism version 7 or R version

3.5.2. Tests used for the p-value determination are mentioned in each figure legend.

3. Results

3.1Biofilm formation is enhanced in CWM

To evaluate the potential of biofilm formation of two of the main species isolated from
chronic wounds, we determined the percentage of biofilm formed in our Bioflux ™ 200
open system of S. aureus and P. aeruginosa reference and clinical strains. We test the
bacteria either alone (Figure 1A and 1B) or associated in a co-culture where bacteria
were added simultaneously and at a ratio 1:1 (Figure 1C). Experiments were done in
a control BHI medium and the CWM (more adapted to mimic the environment
encountered in wounds) developed in our unit. All the strains were able to form biofilm
and to remain attached under shear force (Figures 1).

The S. aureus Newman strain formed biofilm at each time (Figure 1A). Interestingly,
at 24-hr the percentage of constituted biofilms ranged from 22.0% +0.2 when the strain
was cultivated in BHI to 43.5% 0.4 in CWM (p<0.01) (Figure 1A). This significant

difference was increased at 48-hr post incubation in the Bioflux™ system with 43.0%
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+0.2 of bacteria in biofilm within the BHI medium vs 72.4% 0.5 within the CWM
(p<0.01) (Figure 1A). Finally, after 72-hr, the percentage of formed biofilm in CMW
was almost complete (97.3%=0.1) whereas it was still incomplete in BHI (68.1% £0.3)
(p<0.01) (Figure 1A). The significant difference in the biofilm formation of S. aureus in
the CMW compared to BHI was confirmed with the clinical strains. Percentage of
biofilm formed in BHI after 24-hr was 24.1% £0.5 and 27.3% 0.3 for SAC 2 and SAC
4 respectively but 39.2% +0.6 for SAC 2 and 38.4% 0.7 for SAC 4 in CWM (p<0.1)
(Figure 1A). Same observation for 48-hr and 72-hr, the percentage of biofilm formed
was always significantly higher (p<0.01) in CWM than in BHI (41.1% £0.4 versus
77.4% +0.3 for SAC 2 and 43.1% +0.3 versus 77.7% %0.2 for SAC 4 at 48-hr;
percentage at 72-hr were 79.5% 0.5 in BHI and 95.7% + 0.5 in CWM for SAC 2;
81.0% 0.4 in BHI and 97.9% 0.8 in CWM for SAC 4) (Figure1A).

P. aeruginosa biofilm formation inside the Bioflux™ system was shown in Figure 1B.
Contrary to S. aureus, no difference in the percentage of biofilm formation has been
observed after 24-hr post inoculation in the CWM (13.1% £0.4) vs BHI medium (12.0%
+0.3) (p=Not Significant (ns)) (Figure 1B). However, significant higher percentages of
biofilm constituted in CWM compared to BHI were noted at 48-hr (52.4% 0.1 vs 38.0%
+0.1, respectively) (Figure 1B) (p<0,1) and at 72-hr (99.7% %0.2 vs 70.1% % 0.1,
respectively) (p<0.01) (Figure 1B). For PAC 2, the first clinical strain of P. aeruginosa,
percentage of biofilm formed in BHI after 24-hr was 14.1% 0.5 in BHl and 17.3% +0.3
in CWM (p<0.1). This tendency was confirmed after 48-hr were the strain formed
58.2% 0.6 of biofilm in CWM to 42.4% 0.4 in CWM (p<0.01). At 72h, those deviations
were confirmed since we measured 97.7% £0.2 of biofilm formed in CWM vs 72.1% +
0.6 in BHI(p<0.01) (Figure 1B). For PAC 4, after 24-hr the percentage of biofilm formed
in the microfluidic channel was 15.1% +0.2 in CWM versus 12.1% +0.3 in BHI (p<0,1);
61.7% 0.2 in CWM versus 41.7% 0.5 in BHI (p<0,01). Finally, the percentage at 72-
hr were 98.5% +0.1 in CWM and 75.2% + 0.5 in BHI (p<0,01) (Figure 1B).

Finally, inside a mixed biofilm composed by S. aureus and P. aeruginosa reference
strains, the two species formed faster and denser biofilm in CWM compared to BHI at
any time (p<0,01) (Figure 1C). Indeed, a significant difference in the percentage of
biofilm formation was noted at 24-hr (45.0% 0.3 in CMW vs 27.4% £0.2 in BHI), at
48-hr (85.0% %0.2 vs 70.0% 0.1, respectively) and at 72-hr (99.3% 10.2 and 72.0%

+0.4, respectively) (Figure 1C). It is interesting to note that the same conclusions were
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observed with clinical couple of S. aureus and P. aeruginosa SAC 2/PAC 2 and SAC
4/ PAC 4 (p<0,01) (Figure 1C).
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Figure 1. Kinetics of biofilm formation of Staphylococcus aureus Newman and clinical
strains SAC 2 and SAC 4 (A); Pseudomonas aeruginosa PAO1 and clinical strains
PAC 2 and PAC 4 (B) and co-culture (C) in BHI (black) and CWM (grey) media in the
BioFlux™ system. Percentages of biofilm formation were calculated at 24-hr, 48-hr
(squared) and 72-hr (hatched) post-incubation in both media after three independent
experiments. Percentage have been determined by the software ImageJ. Results are
presented as the mean * standard deviation. Statistics were performed using a t-test
on GraphPad Prism version 7 to compared the % of biofilm formed in BHI and CWM
for each time point. ns, p>0.05; *p<0.1; **p<0.01; ***p<0.001.
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3.2 Antibiotic efficiency is dependent of the culture media in which

bacteria evolved

To mimic the management of chronic wounds, we adapted an automatized
debridement of the biofilm inside the Bioflux™ system and administrated different
antibiotics on pre-formed biofilms of S. aureus reference and clinical strains (Figure
2A), P. aeruginosa reference and clinical strains (Figure 2B) and mixed culture
(Figure 2C) in BHI and CWM.

The MIC values for each antibiotic against the studied strains are shown in Table 2.
After formation of a biofilm with S. aureus strains, no effect on the reduction of this pre-
formed biofilm was observed using 10x MIC of vancomycin whatever the media used
and the strain (12.7% +0.3 in BHI and 14.8% +0.1 in CWM for Newman; 11.6% £0.3 in
BHI and 14.6% 0.2 in CWM for SAC 2; 13.2% 0.6 in BHI and 14.0% +0.2 in CWM
for SAC 4) (p=NS) (Figure 2A). At 10x MIC, oxacillin effect in terms of reduction of
biofilm percentage for Newman (only in BHI; 9,8% £0.6 (p<0.1) versus 12,4% 0.3 in
CWM) and SAC 4 (11.1% +0.2 in BHI and 11,8% +0.5 in CWM) (p<0.1). No effect was
highlighted with SAC 2 (p=NS) (Figure 2A). Interestingly, an important reduction of the
biofilm was detected using 10x MIC of linezolid in both media. S. aureus Newman
showed a reduction of 8.4 % +0.3 in BHI and 10.2 % £0.2 in CWM (p<0,01). This
tendency was confirmed with clinical strains where biofilm reduction was significant
with the use of linezolid on SAC 4 (8.7% 0.3 (p<0.01) in BHland 11.1 % 0.2 in CWM
(p<0.1) and SAC 2 but only when culture in BHI (7.8% +0.1) (p<0.01) whereas in CWM
the effect was not significant (11.6% +0.2) (p=NS) (Figure 2A). Dalbavancin used at a
concentration of 10x MIC show no significant decrease of biofilm percentage in the
majority of our tests. Newman culture in BHI show a significant reduction (9.9 % +0.4)
(p<0.1) that was not confirmed in CWM (13.5 % %0.6) (p=NS). SAC 4 show the exact
same pattern with a significant reduction only when the strain was culture in BHI (8.1
% £0.3) (p<0.1) whereas 12.7 % +0.4 in CWM (p=NS). Dalbavancin was completely
inefficient on SAC 2 pre-formed biofilm (13.6 % £0.3 in BHI and 14.7 % £0.5 in CWM)
(p=NS) (Figure 2A). Finally, daptomycin at 10x MIC, proved a significant reduction of
pre-formed biofilm in BHI (6.4% £0.2 for Newman; 6.7 % £0.3 for SAC 2 and 6.5 %
+0.4 for SAC 4) (p<0.01). This effect was confirmed in CWM (7.5% 0.1 for Newman
(p<0.01); 10.9% %0.3 for SAC 2 (p<0.1) and 8.6% 0.1 for SAC 4 (p<0.01) (Figure
2A).
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Using P. aeruginosa strain, no effect could be noted on the reduction of a pre-formed
biofilm when 10x MIC of imipenem was administrated whatever the media used (12.8%
+0.4 for PAO1; 12.6 % 0.3 for PAC 2; 12. 8% +0.6 for PAC 4 in BHI and 12.6% +0.4
for PAO1; 13.3% 0.4 for PAC 2; 14.7% £0.5 for PAC 4 in CWM) (p=NS) (Figure 2B).
Interestingly, 10x MIC of ceftazidime had a significant impact on the pre-formed biofilm
whatever the media used (9.7% %0.3 for PAO1; 7.5% +0.4 for PAC 2; 7.0% 0.5 for
PAC 4 in BHI (p<0.01) and 10.3% %0.6 for PAO1 (p<0.1); 8.6% 0.3 for PAC 2; 8.4%
+0.4 for PAC 4 in CWM) (Figure 2B).

Finally, when an optimized combination of antibiotics (10x MIC of ceftazidime + 10x
MIC of linezolid and 10x MIC of ceftazidime + 10x MIC of daptomycin) was used on a
pre-formed biofilm constituted by association of S. aureus Newman and P. aeruginosa
PAO1, a significant reduction of the pre-formed mixed biofilm was observed in both
media when the association of ceftazidime and linezolid (7.4% 0.2 in BHI (p<0.01)
and 8.7% £0.3 in CWM (p<0.1)) and of ceftazidime and daptomycin (5.6% +0.2 in BHI
(p<0.01) and 10.2% %0.4 in CWM (p<0.1)) were used (Figure 3C). The efficiency of
the association of antibiotics was significantly highlighted by the mixte clinical biofilm.
The association of ceftazidime and linezolid reduce percentage of biofilm to 7.2 % +0.2
and 7.9 % +0.3 in BHI (p<0.01) and CWM (p<0.1) for SAC 2/ PAC 2 and to 7.5 % +0.3
and 84 % %0.2 in BHI and CWM for SAC 4/ PAC 4 (p<0.1) (Figure 3C). The
association of ceftazidime and daptomycin also show a significant decrease of
percentage of biofilm to 5.6 % +0.1 and 9.9 % £0.3 in BHI (p<0.01) and CWM (p<0.1)
for SAC 2/ PAC 2 and to 7.1 % £0.2 and 9.4 % 0.2 in BHI (p<0.01) and CWM (p<0.1)
for SAC 4/ PAC 4 (Figure 3C).

We observe that the media used have an influence on the antimicrobial action of the
antibiotics either on mono-specie biofilm or mixte biofilm of S. aureus and P.

aeruginosa.
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Figure 2. Percentage of biofilm reduction on pre-formed Staphylococcus aureus (A),
Pseudomonas aeruginosa (B) and mixed biofilm (C) using 10x MIC of vancomycin,
oxacillin, linezolid, dalbavancin, daptomycin, imipenem and ceftazidime in the CWM
and BHI media. Reference strains are represented by the rectangle full of colour, the
two clinical strains are represented in squared and in hatched. An automatized
debridement was fixed at 15% of biofilm left in the microfluidic channel before applied
antibiotic treatment during 24h. The percentage of biofilm after the automatized
debridement and before antibiotics treatment is represented by the black line. Samples
were tested in three independent experiments. Results are presented as the mean +
standard deviation. Statistics were per-formed using a t-test on GraphPad Prism
version 7 to compare the efficiency of antibiotics on pre-formed and debrided biofilm.
ns, p>0.05; *p<0.1; **p<0.01; ***p<0.001.

3.3Pseudomonas aeruginosa and Staphylococcus aureus are not

randomly associated in biofilm
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Initially, we identified P. aeruginosa and S. aureusin swab material from chronic
wounds by culturomique and MADI-TOF analyze. On the basis of those identities, we
selected wounds containing both P. aeruginosa and S. aureus. In order to study the
spatial distribution of P. aeruginosa and S. aureus we decided to make those clinical
strains fluorescent. We modified S. aureus with a plasmid giving green fluorescence
(PHOM-GFP) and P. aeruginosa with a plasmid giving red fluorescence (pBPF-
mCherry). Those strains were cultivated for 72-hr in the Bioflux™ 200 in the CWM
before fixing the cells for a microscopy acquisition. We subsequently acquired images
at three different regions on each section of the formed biofilm by confocal laser
scanning microscopy (CLSM).

The bacteria were predominantly present as large aggregates (Figure 3). We located
the center of bacterial aggregates identified on each image (Figure 3 - bottom image)
by using the calculator tool of Imaris software and measured its distance to the surface.
This analysis showed that the S. aureus aggregates were located close to the wound
surface, whereas the P. aeruginosa aggregates were located deeper in the wound bed
(arrow). S. aureus strains were located at a distance of 10 to 15 ym to the “wound”
surface, whereas P. aeruginosa aggregates were primarily located at a distance of 25
to 28 um to the surface (Figure 3). Images show that the range of the distribution of P.
aeruginosa and S. aureus was limited, indeed colocalization of the two bacterial

species was rare.
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Figure 3. Staphylococcus aureus SAC 2-GFP cells (green) were cocultured with
Pseudomonas aeruginosa PAC 2-mCherry (red) cells at a ratio 1:1. Cells were fixed
after 3 days of coculture and visualised by confocal microscopy. White arrows point

out S. aureus strain on top of P. aeruginosa strains. Scale bar = 20 ym.
3.4Planktonic released from the biofilm cells harbors a different behavior
that sessile and initial bacteria

In order to characterize the cells released from the biofilm, we test several bacterial
parameters and compare initial planktonic cells to sessile cells and planktonic

released from the biofilm cultured in CWM.
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Bacterial Growth

First, we showed that all bacteria regardless of their biofilm lifestyle were able to growth
in the CWM. Concerning S. aureus reference strain Newman, we noticed that the
planktonic released cells presented no statistical difference compared to initial cells.
Sessile cells, contrarious, presented a significant decrease of the growth particularly
at the end of exponential phase with one log difference (p<0.01) (Figure 4A). As it
concerns the first clinical strain of S. aureus, planktonic released and sessile cells
presented difference on the growth curve. Planktonic released have an intermediate
behaviour. We noticed a difference of 0.6 log at the end of the exponential phase
compare to initial bacteria (p<0.01). Sessile cells have a difference of 1.3 log (p<0;01).
We also remark that the profile of the curve for sessile cells seemed flatter that their
counterpart bacteria (Figure 4A). The same profile was observed for the clinical strain
SAC 4, with a clear difference of growth. Sessile cells presented a significant difference
of 1 log at stationary phase of bacterial growth (p<0.01), this difference was measured
by 0.5 log for bacteria released from the biofilm compare to initial bacteria (p<0.01)
(Figure 4A).

For P. aeruginosa, no difference was observed in growth curves for the reference strain
PAO1 planktonic released versus planktonic initial. We noticed however a reduced
growth (0.8 log) for sessile cells compared to initial ones (p<0.01) (Figure 4B). The

clinical strain PAC 2 had a reduced growth rate for planktonic released (difference of

OD 600 nm
OD 600 nm

Time (Hours) Time (Hours)
-e- Planktonic nitial Newman -+~ Planktonic initial SAC 2 -+ Planktonic initial SAC 4 -+~ Plankioni initial PAO1 == Pianktonic initial PAC 2 == Planktonic initiai PAC 4
= Planktonic released Newman =~ Planktonic released SAC 2 -~ Pianktonic released SAC 4 -=- Plankioni released PAO1 ~=~ Planktonic released PAC 2 -#- Planktonic released PAC 4
= Sessiles Newman - Sessiles SAC 2 = Sessiles SAC 4 -+ Sessiles PAO1 -~ Sessiles PAC 2 -+ Sessiles PAC 4
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0.7 log) (p<0.01) and sessile cells (1.2 log) (p<0.01) at the stationary phase compared
to initial bacteria (Figure 4B). For PAC 4, planktonic released presented also an
intermediate behaviour with a growth rate less important than initial cells (reduced
growth of 0.4 log at the stationary phase) (p<0.01) but more important than sessile
cells (difference of 1 log with planktonic initial bacteria at the end of the exponential
phase) (p<0.01) (Figure 4B).

Figure 4. Growth curves of S. aureus reference and clinical strains (A) and P.
aeruginosa reference and clinical strains (B) cultured in CWM. Planktonic initial cells
are represented in round, sessile cells in triangle and planktonic released from the
biofilm in square. Cultures were sampled at the indicated time points, measure of the
ODsoo were performed. Experiments were performed in three biological replicates.
Results are presented as the mean * standard deviation of three different experiments.
Statistics were performed using a t-test on GraphPad Prism version 7 to compare
planktonic released and sessile cells compare to initial bacteria. ns, p>0.05; *p<0.1;
**p<0.01; ***p<0.001

Biofilm formation

To determine the impact of bacteria lifecycle on biofilm formation and particularly on
the first step of adhesion, we used the BioFilm Ring Test® on P. aeruginosa reference
and clinical strains and S. aureus reference and clinical strains cultivated in CWM. We
performed the BioFilm Ring Test® after 3-hr of incubation in the CWM at 37°C.

We observed that S. aureus Newman sessile cells have the ability to adhere more
importantly than planktonic released (p<0.1) and planktonic initial (p<0.01) (BFI=
8.7+0.2 vs 7.45+0.4 vs 6.4+0.3) (Figure 5A). This intermediate behavior of the
planktonic released cell was confirmed with clinical S. aureus strains. SAC 2 planktonic
released cells showed a BFI| of 13.3+£0.4 versus 14.9+0.3 for planktonic initial (p<0.1).
Sessile cells were able to adhere significantly more (10.2+0.2) compare to initial ones
(p<0.01) (Figure 5A). Those differences of behavior were increased in the case of
SAC 4 where BFI of planktonic initial were measure to 16.7+0.2; planktonic released
from the biofilm 14.8 £0.1 (p<0.001) and sessile cells 10.1+0.2 (p<0.001) (Figure 5A).
The same trend could be noted for P. aeruginosa PAO1, PAC 2 and PAC 4. Those
strain developed a biofilm much easier when bacteria have already been in biofilm

compare to initial cells which BFI were measured at 14.4+0.1 for PAO1; 15.5 0.3 for
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PAC 2 and finally 15 £0.2 for PAC 4 (Figure 5B). BFI values for planktonic released
were 7.4+0.1 (p<0.01); 13.1 £0.2 (p<0.001) and 11.8£0.1 (p<0.001) for PAO1; PAC 2
and PAC 4 respectively (Figure 5B). Adhesion was significantly increased in the case
of the sessile cells (4.2+0.3 for PAO1 (p<0.001); 7.4 +0.2 for PAC 2 (p<0.001) and
7.320.3 for PAC 4 (p<0.001)) (Figure 5B).

To corroborate the effect of the biofilm on the capacity of cell to adhere and form biofilm
we evaluated the mature biofilm biomass of the different strains in monoculture in the
CWM. S. aureus strains presented a significant higher number of bacteria in the biofilm
when sessile bacteria were used (8.1+0.6 for Newman, 8.3 +0.3 for SAC 2 and 8.5
+0.3 for SAC 4) (p<0.001) compare to planktonic initial bacteria (4.2 £0.5; 4.6 +0.4 and
3.7 0.3 for Newman, SAC 2 and SAC 4 respectively) (Figure 5C). Once again,
planktonic released seem to have an intermediate behaviour since biofilm biomasse
was significantly higher compare to initial bacteria (6 £0.4 for Newman (p<0.01); 5.7
+0.2 for SAC 2 (p<0.01) and 6.2+0.4 for SAC 4 (p<0.01)) but less important than sessile
cells (Figure 5C).

For PAO1 and the clinical strains of P. aeruginosa, the intermediate behaviour of
planktonic released cells to form biofilm was confirmed. Released cells were able to
formed a denser biofilm than initial cells (8.1£0.1 versus 6.2 £0.2 for PAO1 (p<0.01);
8.41£0.3 versus 6.5 +0.3 for PAC 2 (p<0.01); 8.1 £0.3 versus 5.9 £0.2 for PAC 4
(p<0.01)) (Figure 5D). From all the bacteria mode analyze, sessile cells were once
again the mode of growth allowing the reformation of biofilm faster and denser
(10.2+0.2 for PAO1 (p<0.001 comparison with planktonic initial cells), 10.3 0.1 for
PAC 2 (p<0.001) and 9.7 +0.4 for PAC 4 (p<0.001)) (Figure 5D).
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Figure 5. Quantification of biofilm formation of S. aureus and P. aeruginosa reference

and clinical strains in CWM. Early biofilm step is represented by the Biofilm ring test

assay after 3h of incubation in the medium (A and B), mature biofilm biomass

quantification after 24h of incubation was also measured (C and D). Planktonic initial

cells are represented in dark, sessile cells in light grey and planktonic released from

the biofilm in dark grey. Samples were tested in triplicate in two independent

experiments. Results are presented as the mean * standard deviation of three different

experiments. Statistics were performed using a t-test on GraphPad Prism version 7 to
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compare planktonic released and sessile cells compare to initial bacteria. ns, p>0.05;
*p<0.1; **p<0.01; ***p<0.001.

Gene expression

To assess and confirm the effect of lifecycle on biofilm formation we test the gene
expression of some key regulators of biofilm formation. We measured the gene
expression of fnbpA, hla, spaA and agrA on S. aureus reference and clinical strains
cultivated in CWM. For P. aeruginosa strains, we chose to analyse the expression of
rhll, lasl, pel and psl.

The gene expression of the positive regulator of biofilm formation of S. aureus fnbpA
and spaA show the same pattern for all the strains tested. The gene expression of
fnbpA and spaA is increased in planktonic released cell compare to initial bacteria
(2'°+0.3 for Newman (p<0.1); 2'8+0.2 for SAC 2 (p<0.1) and 2'5 +0.1 for SAC 4
(p<0.1) for fnbpA expression and 2'4+0.2 for Newman (p<0.1); 2'8+0.3 for SAC 2
(p<0.1) and 2'° 0.2 for SAC 4 (p<0.1) for spaA expression) (Figure 6A). This
increase is more important with sessile cells (22°£0.1 for Newman (p<0.01); 224+0.1
for SAC 2 (p<0.01) and 223 +0.2 for SAC 4 (p<0.01) for fnbpA expression and 2215+0.2
for Newman (p<0.01); 224+0.2 for SAC 2 (p<0.01) and 224 +0.1 for SAC 4 (p<0.01) for
spaA expression) (Figure 6A).

This tendency was completely inverted for the expression of agrA, a negative regulator
of biofilm formation, and hla, a virulence marker. For hla, the expression was
decreased in planktonic released cells (2-112+0.1 for Newman (p<0.1); 2-23+0.2 for
SAC 2 (p<0.01) and 22 +0.2 for SAC 4 (p<0.1). This tendency is significantly more
important in sessile cells ((224+0.2 for Newman (p<0.01); 226+0.1 for SAC 2 (p<0.01)
and 224 +0.3 for SAC 4 (p<0.01) (Figure 6B). Finally, the expression of agrA
highlighted also that sessile cells have the expression the more decreased after
released cells compare to planktonic initial cells expression (27'-7+0.1 for Newman
(p<0.1); 2-6+0.1 for SAC 2 (p<0.1) and 2% +0.3 for SAC 4 (p<0.1) for planktonic
released and 2-22+0.2 for Newman (p<0.01); 2-2°+0.3 for SAC 2 (p<0.01) and 227 +0.2
for SAC 4 (p<0.01) for sessile cells (Figure 6B).

P. aeruginosa expression of exo-polysaccharides pel and ps/, two extracellular
polysaccharides implicated in biofilm development have been analysed by qRT-PCR.

These results are shown in Figure 6C. A significant difference in the expression of the
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exopolysaccharides pel and psl was observed after recovering of planktonic released
cells (2'6+0.2 for PAO1; 2'8+0.2 for PAC 2 and 2'45+0.1 for PAC 4 for pel and 2"3+0.1
for PAO1; 2'2+£0.4 for PAC 2 and 2'22 +0.4 for PAC 4 for psl) (p<0.1) but also in sessile
cells where the difference was significantly more important (224+0.1 for PAO1; 226+0.4
for PAC 2 and 22°+0.3 for PAC 4 for pel and 2293+0.2 for PAO1; 2215+0.3 for PAC 2
and 22+0.2 for PAC 4 for psl) (p<0.01) (Figure 6C).

As it concerns the expression of key regulators of quorum sensing in P. aeruginosa,
rhll expression after recovery of sessile bacteria was significantly higher compared to
initial bacteria (2'6+0.3 for PAO1; 222+0.3 for PAC 2 and 223 +0.2 for PAC 4) (p<0.1).
This observation was also true for planktonic released cells even if the expression was
not increase as much as what we measured in sessile cells (2'-1+0.2 for PAO1; 2'3+0.3
for PAC 2 and 215 +0.2 for PAC 4) (p<0,01) (Figure 6D). Expression of /as/ showed
also a similar patter with an intermediate expression in the biofiim released cells
(21°+0.1 for PAO1 (p<0.01); 2'-3+0.2 for PAC 2 (p<0.1) and 2"7 +0.3 for PAC 4 (p<0.1)).
Once again, the expression of our regulator was significantly more increased when
bacteria were in a mode of growth sessile (2223+0.2 for PAO1; 2225+0.3 for PAC 2 and

211940 4 for PAC 4) (p<0.01) (Figure 6D).
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Figure 6. Gene expression of Staphylococcus aureus Newman, SAC 2 and SAC 4
fnbpA, agrA, spaA, hla (A, B) and Pseudomonas aeruginosa PAO1, PAC 2 and PAC
4 lasl, rhll, pel, and psl/ (C, D) after recovering sessile and released from the biofilm
cells in the BioFlux™ system after 72h of culture in CWM. Planktonic released cells are
represented in dark, sessile cells in light grey. Reference strains are represented by
the rectangle full of colour, the two clinical strains are represented in squared and in
hatched. Samples were tested in triplicate in two independent experiments. Results
are presented as the mean * standard deviation of three different experiments.
Statistics were performed using a t-test on GraphPad Prism version 7. ns, p>0.05;
*p<0.1; **p<0.01; ***p<0.001. PR: Planktonic released; PI: Planktonic initial; S: Sessile

cells.
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4. Discussion

Biofilm formation is a crucial step in the pathophysiology of chronic wounds (Pouget,
2020). Its study is of concern and need the development of new tools (Silva, 2021), in
particular for the determination of the action and efficacy of antimicrobial agents.
Biofilms are involved in more than 80% of chronic wound infections (Jamal, 2018). The
penetration of antibiotics is generally reduced in the biofilm due, among other things,
to EPS (Sharma, 2019). The study of the efficacy of antimicrobials on a biofilm mixture
of P. aeruginosa and S. aureus is particularly interesting, because these bacteria are
most of the time co-isolated at the level of the wound bed and their interactions confer
an additional difficulty in the eradication of the biofilm (Omar, 2017). We therefore
developed a protocol to test the efficiency of some antibiotics after an automatized
debridement mimicking the first step of chronic wound management (Pouget, 2021).
Oxacillin, vancomycin and dalbavancin were particularly inefficient at a concentration
of 10x MIC against a pre-formed biofilm of S. aureus. Only daptomycin and linezolid
had clearly activities. This difference could be explained by the ability to linezolid or b-
lactams to penetrate deeper into the biofilms and to be able to directly contact with
bacteria. The literature data on the effect of vancomycin as a potential antibiofilm is
consistent with what this study highlighted. Vancomycin at MIC concentration are not
capable of generating a reduction in bacterial density within the biofilm (He, 2017).
Regarding linezolid, Gander et al. (Gander, 2002) have observed an effect of 1x MIC
on early step of biofilm formation. Finally, daptomycin have already been reported
effective on clinical isolate of S. aureus (Siala, 2014). Interestingly, the two antibiotics
used against P. aeruginosa showed different effect. Only ceftazidime at 10x MIC were
able to disrupt pre-formed biofilm. Regarding the recent literature data on
P. aeruginosa biofilm and the efficacy of antibiotics, several studies have highlighted
an inefficiency of the imipenem at sub-MIC and MIC concentrations to reduce
bacteriological biomass within the biofilm. Authors have shown that the use of
imipenem even favoured the maturation and increase of bacterial biomass in biofilm
from clinical isolates of cystic fibrosis (Bagge, 2004; Karaman, 2013). Association of
several demonstrated active antibiotics on mixte biofilm of S. aureus and P. aeruginosa
showed a significative reduced percentage of biofilm formed in the microfluidic

channel. As far as we know, no studies have investigated the effect of the association
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of antibiotics on mono-species or polymicrobial biofilm formed by S. aureus and P.
aeruginosa. This study could, therefore, be used as reference for comparation of other

association of antibiotics against biofilm.

After studying mono-species biofilms, research gradually turned to investigate the
complexity and interactions in multispecies biofilms (Zengler, 2012; Burmolle, 2014).
Observations highlighted that bacteria residing in mixed biofilms organize themselves
in a particular spatial way in response to interspecies interactions (Burmolle, 2014;
Momeni, 2013; Dowd, 2008). Metabolic interactions, leading to bacterial cooperation
or competition, are ubiquitous in polymicrobial biofilms and play an important role in
maintaining diversity and stability of the microbial communities (Moller, 1998; Embree,
2014; Zelezniak, 2015). In general, in structured environments such as biofilm,
coexistence of bacterial species is favoured through beneficial interactions such as co-
metabolism and coordinated interactions (Hanse, 2007; Pande, 2015) as proved by
Harrison on bacterial virulence (Harrison, 2006). However, in recent years a number
of studies demonstrate that those interactions are not always in favour of the infection
(Ngba Essebe, 2017; Hoffman, 2006; Price, 2019; Schurr, 2020). Investigate the
mechanisms of cooperation and inhibitions which govern the bacterial mixte biofilms
of chronic wounds go through the study of spatial organization of species. To achieve
this, we modified our clinical strains of S. aureus and P. aeruginosa to incorporate a
fluorescence vector plasmid. Then, we developed a protocol to visualize in confocal
microscopy the organization of the different bacterial species in the mature biofilm
formed in chronic wound conditions. Results demonstrate that within the polymicrobial
biofilm, S. aureus and P. aeruginosa are not randomly organized. Thanks to confocal
microscopy and fluorescence, we observe that P. aeruginosa is found deeper in the
wound bed than S. aureus. This observation has already been described in vitro by
studying mixed Pseudomonas/Staphylococcus biofilms in chronic wounds from
biopsies (Fazli, 2009). The ability of P. aeruginosa to migrate deeper in the wound can
be explain by via its type IV pili and the flagellum (Barken, 2009; Klausen, 2003;
Madsen, 1996) may explain the presence of these bacteria in the deeper regions of
chronic wounds. Further studies are necessary to confirm and understand why those
bacteria are not found at the same level in chronic wounds and that it brings in terms

of cooperation.
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During biofilm formation, it is shown that sessile cells acquire different physiological
characteristics than planktonic initial cells. The modifications concern the production of
EPS, the bacterial growth, the expression of some genes regulating cell adhesion and
biofilm regulation, or the resistance to antimicrobial agents and antibiotics (Davies,
2003). Among important stages in the development of biofilm, cell detachment (Sauer,
2002) is a key element in allowing the colonization of new surfaces (Kaplan, 2003;
Hunt, 2004). However, little work has been done to elucidate characteristics of the cells
released from the biofilm. Some studies have focused on mechanisms using a
molecular approach, but very little research has been done to study the physiology of
those particular cells (Boles, 2004; Bester, 2005; Ymele-Leki, 2007).

The technique and protocols developed in this work to collect sessile and biofilm-
released cells and cultivate them under stressful conditions could constitute a new
reproducible tool to study the characteristics of bacterial biofilms. Regarding the growth
kinetics, the sessile and detached cells appear to be in a different physiological state
from the original cells. The differences observed at the end of the exponential phase
in sessile and released bacteria suggest that they need a period of adaptation to return
to planktonic growth. These results confirm that sessile and planktonic bacteria exhibit
different characters (Costerton, 1987). They agree with published results showing that
limiting the diffusion of oxygen and nutrients in biofilms alters bacterial growth rates
(Xu, 1998, Rollet, 2009). They also indicate that released cells are less able to revert
to the planktonic mode. The ability to re-adhere to surfaces and re-form a biofilm also
proved that sessile and released bacteria were able to exhibit a faster adhesion
compare to initial bacteria. These adhesion data are confirmed by other publications
in P. aeruginosa (Rollet, 2009) and in Klebsiella pneumoniae (Guilhen, 2019). These
results could be explained by changes in the physicochemical properties of the cells
resulting on an easier adhesion to various supports. For example, studies have shown
differences in hydrophobia (Berlanga, 2017) or in affinity for non-polar solvents
(Pelletier, 1997; Bellon-Fontaine, 1996). Finally, concerning the gene expression
measured in the various populations of bacteria, two hypotheses are currently being
considered. The first maintains that the bacteria released have characteristics very
similar to sessile bacteria temporarily until they gradually regain a planktonic
phenotype (Gilbert, 1993; Bester, 2005). The second hypothesis highlighted released

from the biofilm cells as a real isolated population (Guilhen, 2016).
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In chronic wounds, pathological biofilm formed by S. aureus and P. aeruginosa is
frequent and difficult to treat. Indeed, new therapeutic strategies are needed and
proved efficiency on pre-formed biofilms in vitro is a great first step in the discovery of
future management of these infections. The combination of a chronic wound medium
and the BioFlux™ microfluidic system represents a powerful tool to study the biofilm
formation and to screen the potential anti-biofilm actions of candidate molecules under
conditions mimicking those encountered in vivo. Improving current management
techniques for chronic wounds also involves enhancing knowledge of the organization
of polymicrobial biofilms as well as the control of its dissemination. The development
of the techniques presented below seems a good way to improve the state of the art

of biofilms found at the wound bed of chronic wounds.

Tables.
Strain Characteristics Reference
PAO1 Reference strain Holloway et al, 1979
Newman Reference strain Duthie et al, 1952

PAO1-mCherry PAO1 reference strain with pBPF-mCherry Belon et al, 2015
plasmid

Newman-GFP Newman reference strain with pHOM-GFP  Provided by V. Molle
plasmid

SAC 2 Staphylococcus aureus clinical strain This study
isolated on a DFI

SAC 4 Staphylococcus aureus clinical strain This study
isolated on a DFI

SAC 2-GFP S. aureus clinical strain with pHOM-GFP This study
plasmid

SAC 4-GFP S. aureus clinical strain with pHOM-GFP This study
plasmid

PAC 2 Pseudomonas aeruginosa clinical strain This study

isolated on a DFI

PAC 4 Pseudomonas aeruginosa clinical strain This study
isolated on a DFI
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PAC 2-mCherry P. aeruginosa clinical strain with pBPF- This study
mCherry plasmid
PAC 4-mCherry P. aeruginosa clinical strain with pBPF- This study
mCherry plasmid
Media Characteristics Reference
BHI Brain Heart Infusion, reference medium for Sigma-Aldrich
bacterial culture
CWM Chronic Wound Medium, medium mimicking European patent
in vivo conditions encounter in chronic application
wounds EP21305337
Table 1. Bacterial strains and media used in this study.
Antibiotics Strains Concentrations EUCAST MIC in MIC in
used MIC BHI CWM
breakpoints (mgl/L) (mgl/L)
(mg/L)
Vancomycin S. aureus 10 xMIC 2 1 1
(Mylan) Newman
SAC 2 10 xMIC 2 2 2
SAC 4 10 xMIC 2 2 4
Oxacillin S. aureus 10 xMIC ND 0.5 1
(Astellas) Newman
SAC 2 10 xMIC ND 1 2
SAC 4 10 xMIC ND 0.5 2
Linezolid S. aureus 10 xMIC 4 1 1
(Fresenius Newman
Kabi) SAC 2 10 xMIC 4 1 1
SAC 4 10 xMIC 4 1 2
Daptomycin S. aureus 10 xMIC 1 0.5 0.5
(Cubicin) Newman
SAC 2 10 xMIC 1 1 2
SAC 4 10 xMIC 1 1 1
Dalbavancine S. aureus 10 xMIC 0.125 0.125 0.250
(IHMA) Newman
SAC 2 10 xMIC 0.125 0.5 1
SAC 4 10 xMIC 0.125 0.5 1
Imipenem P. aeruginosa 10 xMIC 4 1
(Arrow PAO1
Generique)
PAC 2 10 xMIC 4 2 2
PAC 4 10 xMIC 4 2 4
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Ceftazidime P. aeruginosa 10 xMIC 8 1 1
(PanPharma) PAO1
PAC 2 10 xMIC 8 2 4
PAC 4 10 xMIC 8 2 4
*ND, not defined
Table 2. Antibiotics used and Minimal Inhibitory Concentration determined in this study.
Primers used .
Target Primer . .
and target : Oligonucleotide sequence Reference
. region name
function
Acyl Ig‘;mze"“e sl lasl-F 5 — GCCCCTACATGCTGAAGAACA — 3 Aghamollaei,
lasl-R 5- GTCCAGAGTTGATGGCGAAA -3’ 2015
Acyl I':;'t';‘r"?"“e o rhil-F 5- AGCTTCTCGATGAAGACCTGATG -3 Mukherjee,
rhll-R 5-TGCTCTCTGAATCGCTGGAA - 3 2017
Exopolysaccharides pel pel-F 5 — AGCAAGAAAGGAATCGCCG — 3 Colvin 2011
pel-R 5 — GACCGACAGATAGGCGAAGG - 3’

. psl-F 5- CTGCCCTCACCTTTCGCC - & .
Exopolysaccharides psl/ psl-R 5- GGAAGGATCAGCTGCG — 3 Colvin 2011
Housekeeping gene rpoD-F 5'- CGATCGGTGACGACGAAGAT- &

P. aeruginosa oD oD-R 5- GTTCATGTCGATGCCGAAGC- 3 Seder 2021
a hemolysin hia hla-F 5- TCCAGTGCAATTGGTAGTCA -3’ Otto. 2013
hla-R 5- GGCTCTATGAAAGCAGCAGA - & ’
. spa-F 5-TATGCCTAACTTAAATGCTG - 3’
Protein A spa spa-R 5- TTGGAGCTTGAGAGTCATTA- 3 Otto, 2013
Accessory gene aarA agrA-F 5'- CAAAGAGAAAACATGGTTACCATTATTAA -3’ Garzoni,
regulator g agrA-R 5- CTCAAGCACCTCATAAGGATTATCAG -3’ 2007
fnbpA-F 5- AAATTGGGAGCAGCATCAGT - &
MSCCRAM fbPA " fnbpA-R 5- GCAGCTGAATTCCCATTTTC - 3 Pfaffl, 2001
, , Ngba
Gyrase B gyrB gyrB-F 5- AGTAACGGATAACGGACGTGGTA -3 essebe
gyrB-R 5- CCAACACCATGTAAACCACCAGAT -3 2017 ’

Author Contribution

Table 3. Primers used in this study

Conceptualization, J.P.L. and A.S.; methodology, J.P.L., C.P., and C.D.R.; software,
C.P.; formal analysis, C.P., C.D.R. and A.P.; data curation, C.P., C.D.R. and A.P,;

writing—original draft prepa-ration, C.P. and J.P.L.; writing—review and editing,
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C.D.R., AP, S.S. and A.S.; visualization, S.S., and A.S.; supervision, J.P.L.; project
administration, A.S. and J.P.L.; funding acquisition, A.S. and J.P.L. All authors have

read and agreed to the published version of the manuscript
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Les plaies chroniques sont un probleme de santé publique. La difficulté de prise
en charge des infections sous-jacentes corrélée a la présence d’un biofilm
polymicrobien au niveau du lit de la plaie, augmente le risque d’amputations des
membres inférieurs.

Dans le but d’améliorer la compréhension du réle de ce biofilm multi-espéce,
d’améliorer la prise en charge des plaies chroniques et de développer de nouvelles

stratégies thérapeutiques nous avons axé ce travail de thése autour de 2 questions :

1. Est-ce que les facteurs environnementaux rencontrés par les
bactéries au niveau des plaies chroniques influencent Ile
comportement  (virulence, fithess, morphologie, adhésion,
expression génique) de souches de S. aureus et P. aeruginosa

isolées des plaies de patients ?

2. Est-il possible de mettre au point un nouveau modéle in vitro
permettant I'étude de la formation d’un biofilm polymicrobien dans
des conditions proche de I'in vivo afin de suivre I’organisation des
différentes espéces bactériennes mais aussi d’évaluer le pouvoir

antibiofilm de potentielles molécules thérapeutiques ?

Le milieu plaie : un modéle in vitro innovant

L’équipe INSERM U1047 (axe plaies chroniques) travaille depuis longtemps sur
I'évolution de la virulence de souches de S. aureus isolées de plaies du pied
diabétique. lls ont notamment mis en évidence la présence d’'un phage ROSA-like chez
une souche clinique de S. aureus affectant son potentiel de virulence. Ces travaux ont
nourri des interrogations autour de l'influence des facteurs environnementaux sur le

comportement des souches bactériennes.

En effet, au sein des UPD, les bactéries sont soumises a des conditions
environnementales particulieres du fait de la physiopathologie diabétique
(artériopathie, neuropathie, déséquilibre glycémique...). Ces conditions ont un impact

sur le comportement des bactéries. Le but de notre premier travail était alors d’évaluer
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I'effet des conditions strantes observées au sein des plaies du pied chez le patient
diabétique sur le potentiel de virulence de S. aureus. Nous avons initialement testé 3
conditions particulieres liées au UPD : 'hyperglycémie (ajout de glucose), 'ischémie
(anaérobiose) et enfin la présence d’antibiotiques a des concentrations

subinhibitrices dans le milieu environnant.

Cette étude de I'adaptation de souches de S. aureus cliniques aux facteurs de
stress environnant rencontrés dans le pied diabétique a été effectuée dans un modéle
in vitro adapté pour mimer les conditions de chronicité des UPD. Ce modéle adapté
depuis le « Lubbock model » décrit par Sun et al. 173 a pu étre validé par I'apparition
de small colony variants (SCVs) aprés une exposition prolongée de S. aureus a ce
milieu. Ces petites colonies métaboliguement inactives sont caractéristiques de S.
aureus en situation d’infections persistantes. D’autre part, 'étude a permis la
comparaison du potentiel de virulence des souches aprés une expositions courte (24h)
et une exposition prolongée de 16 semaines, correspondant a une situation

chronique.

Les études transcriptomiques ont mis en évidence qu’aprés 16 semaines de
culture en conditions stressantes, I'expression de génes de virulence codant pour la
toxine de Panton et Valentine et EdinB étaient fortement diminuée. Le systéme de
régulation LukF/LukS-PV présentait une diminution de 3 « fold change » sous
vancomycine, 7 dans un milieu hyperglucosé, 8 fois en anaérobiose, et de 2 fois
sous linézolide. Les « fold changes » d'edinB et edinC étaient également diminués
entre 10 et 30 fois sous vancomycine, linézolide et en milieu hyperglucosé et de
15 fois en anaérobiose. En ce qui concerne les autres toxines, I'expression des
génes codant pour les hémolysines alpha et beta étaient diminuées pour toutes
les souches quelle que soit la condition testée. L'ensemble de ces résultats
suggeére que les principaux génes de virulence de S. aureus sont sous-exprimeés
aprés une exposition prolongée a des concentrations subinhibitrices
d'antibiotiques, en condition d’anaérobiose et en hyperglycémie. Il est également
intéressant de noter qu’aprés 16 semaines de culture en excés de glucose,
'expression des génes d’adhésion fnbpA et eap était augmentée. Nos résultats
semblent donc indiquer que l'ajout d’antibiotiques (vancomycine et linézolide)

diminuent de fagcon significative la virulence des souches de S. aureus. Le
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linézolide s'est avéeré étre plus efficace que la vancomycine, résultat fidéle aux
conclusions proposées par d’autres études qui présentent le linézolide comme étant
plus efficace cliniquement que la vancomycine 7476, La formation de biofilm aprés
une exposition longue au glucose et a la vancomycine s’est avérée étre augmentée
chez toutes les souches de S. aureus. Le glucose semble stimuler 'opéron gbaAB qui
régule la formation du biofilm en activant 'expression de ica chez S. aureus. GbaA est
modulé par l'interaction avec des composés inducteurs et facilite 'adaptation de S.

aureus au stress en induisant la formation de biofilm 177.

Ces résultats nous confirment que la virulence de S. aureus est impactée par
les différentes conditions stressantes rencontrées au niveau des infections du pied
diabétique, en particulier pour les genes codant pour les toxines PVL et Edin. Les
souches sont toutefois capables de survivre soit par I'activation d'autres facteurs de
virulence (toxines Sea, Hla), soit par un changement phénotypique en small colony

variant et un comportement dirigé vers la formation de biofilm.

Encouragés par nos résultats préliminaires sur le modele mis en place pour les
UPD, nous avons donc conclu que toutes les plaies chroniques constituaient des
environnements particuliers qui, pour étre étudiées, nécessitaient I'obtention de
modeéles in vitro fiables et représentatifs. Le but de notre travail a alors été de
référencer le plus exhaustivement possible I'environnement (qu’il soit microbiologique,
physico-chimique, inflammatoire ou encore cellulaire) rencontré dans les plaies
chroniques en geénéral et non plus dans les infections des plaies chez le patient
diabétique. L’idée était de développer un modele de base robuste pour ensuite

pouvoir I'adapter a des plaies particulieres (UPD, escarres, brllures...).

Au cours de nos recherches, nous avons découvert des études démontrant
'effet du milieu de culture sur la sensibilité a différents antibiotiques de souches
cliniques de S. aureus issues de plaies '73. Comparativement a la sensibilité établie en
milieu Mueller-Hinton, la croissance de souches de S. aureus dans du milieu de culture
Lacks modifié (milieu MLM ; simulant 'environnement du nasopharynx) accroit la
sensibilité des souches d’un facteur 4 a 256 pour I'azithromycine, I'érythromycine, la
streptomycine, le ceftriaxone et la cefalotine. Au contraire, la résistance de ces
souches a la daptomycine et la rifampicine est augmentée en milieu MLM d’un facteur

4 a 16. Dans le cas de la daptomycine et la rifampicine, les souches étant considérées
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comme sensibles en milieu MH, ces 2 antibiotiques auraient donc pu étre prescrits,
alors qu’ils sont considérés comme inefficaces dans la condition MLM. Il apparait donc
clairement que le milieu de culture a un effet sur la capacité des microorganismes a
s’adapter a leur environnement et que les milieux utilisés en routine sur de nombreux
microorganismes ne permettent pas d’obtenir des résultats fiables quant au

comportement des dits microorganismes dans leur environnement naturel.

Outre les caractéristiques intrinséques a la plaie, il était important de baser notre
modéle sur des données également microbiologiques. Une des caractéristiques
essentielles des plaies chronique est le fait qu’elles soient plurimicrobiennes, théatre
d’interactions entre espéces bactériennes via le biofilm. Le modéle « plaies
chroniques » devait alors permettre une co-culture de microorganismes les plus
couramment isolés des plaies chroniques tout en permettant de prendre en compte
des facteurs environnementaux et en favorisant le mode de croissance sessile des
bactéries. Une des interactions bactériennes les plus référencées concernant les
plaies chroniques est la coopération entre S. aureus et P. aeruginosa '?%. Ainsi, nous

nous sommes concentrés sur la co-culture et 'association entre ces deux bactéries.

Il existait a notre connaissance 3 modeles ayant été développés pour étudier
les biofilms multi-espéces observés dans les plaies chroniques. Ces modeéles
s’intéressaient en particulier a la formation de biofilm par 3 microorganismes isolés
dans les plaies chroniques, a savoir S. aureus, P. aeruginosa et Enterococcus faecalis.
Il s’agit notamment du milieu Lubbock basé sur le milieu de culture Bolton 173
comprenant 50% de plasma défibriné de bovin ainsi que 5% d’hématies de cheval
hémolysées. Ce milieu a été utilisé afin de montrer d’éventuelles interactions
synergiques entre S. aureus et P. aeruginosa '?®. Les auteurs ont montré que la co-
culture de S. aureus avec P. aeruginosa dans du milieu Lubbock est possible. Ladite
co-culture dans du milieu Lubbock permet aussi la sélection d’'une sous population de

S. aureus résistant a la gentamicine.

Toutefois, le milieu Lubbock ne tient pas compte d'un certain nombre de
facteurs environnementaux. Les milieux connus ont été établis a partir de constituants
trés différents de ceux décrits dans les plaies humaines, par exemple du plasma de
bovin et du sang de cheval ont été utilisés associés a un pH de l'ordre de 7,2 — 7,4.

De plus, les milieux connus ne reproduisent pas les conditions physiologiques et
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environnementales des plaies chroniques, les bactéries étant en contact avec du
sérum '3 et non du plasma. Cette différence impacte le processus de cicatrisation et
également le comportement des bactéries : croissance, sensibilité aux antimicrobiens,

sous forme planctonique ou biofilm.

Un second milieu IVWM (« In Vitro Wound Milieu ») a été proposé par Kadam
et al. "7 pour étudier spécifiquement les biofilms de plaies chroniques. Ce milieu VWM
est constitué de sérum de veau feetal (70%), d’acide lactique (11-12mM), de
lactoferrine (20-30ug/mL), de fibrinogéne (200-400ug/mL), de fibronectine (30-
60ug/mL), de collagéne (10-12ug/mL), et est ajusté a pH 5,25. Ce pH acide étant celui
d’'une peau saine, et non celui d’'une plaie non cicatrisée, plus alcalin. Les auteurs ont
comparé la croissance d’une souche de S. aureus AH133, d’origine non précisée et
d’'une souche de référence P. aeruginosa (PAO1) non clinique, seule ou en co-culture.
La croissance en milieu IVWM des souches S. aureus et P. aeruginosa était moins
rapide qu’en milieu Lysogeny Broth, en particulier celle de S. aureus. En co-culture,
autant en Lysogeny Broth qu’en IVWM, la croissance de S. aureus a été fortement
diminuée. La mesure de la sensibilité aux antibiotiques, en particulier la tobramycine
pour P. aeruginosa et la vancomycine pour S. aureus a été réalisée sur des bactéries
dans des biofilms établis et non sur des bactéries en état planctonique. Ce milieu a
ainsi été décrit pour mesurer la croissance bactérienne de S. aureus et P. aeruginosa
en culture simple ou co-culture ainsi que pour mesurer une sensibilité de bactéries

sessiles vis-a-vis d’un antibiotique (1 antibiotique testé sur les 2 souches).

Dans ce contexte, nous avons développé notre propre modele in vitro appelé
CWM pour « Chronic Wound-like Medium » afin de résoudre les inconvénients et
obstacles de I'art antérieur.
Ce milieu permet :
- La culture des microorganismes les plus souvent isolés des plaies
chroniques (S. aureus, P. aeruginosa, S. epidermidis, E. coli, H.
kunzii...).
- La co-culture des différentes espéces citées pendant une
exposition de longue durée, au moins 6 semaines.
- De mimer P'environnement d’une plaie, d’'une part par les

constituants, et d’autre part par le pH. Le milieu comprend du milieu
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Bolton, source de peptone (79,5%), du sérum humain
décomplémenté (20%), du sang humain hémolysé (0,5%), des
débris cellulaires (kératinocytes), des sels minéraux et un pH
tamponné a 8. Les peptones, le sérum et le sang miment les 3
constituants essentiels retrouvés au niveau des plaies chroniques a
savoir des tissus endommageés, des globules rouges et du sérum
humain comprenant cytokines, protéines matricielles ...

- Le mode de croissance des bactéries sous forme planctonique mais
eégalement sessile.

- De tester l'efficacité de composés antimicrobiens existants mais
egalement 'efficacité de nouvelles molécules quelles que soient les

conditions de culture et/ou les microorganismes.

Le CWM fait I'objet d’'un brevet européen déposé dont le numéro de dépobt est
le suivant : EP21305337.

Afin de valider le CWM, nous avons comparé la croissance seule ou en
association de souches de référence et de souches cliniques de S. aureus et P.
aeruginosa dans le CWM et dans un milieu classique, le BHI. Le CWM a montré des
résultats reproductibles et fiables. Pseudomonas aeruginosa et S. aureus ont pu
étre cultivés seuls ou en culture mixte. En monoculture, S. aureus a atteint une densité
cellulaire maximale plus élevée en BHI que dans le CWM. Plus important encore, dans
la culture mixte, contrairement a ce qui a été décrit précédemment dans la littérature
124128129 S qureus n'a pas été rapidement éradiqué par P. aeruginosa : non
seulement les deux espéces ont pu coexister dans les deux milieux, mais la co-culture
dans le « milieu plaie chronique » a permis a S. aureus d’atteindre une densité
cellulaire plus élevée. Ces résultats sont en accord avec des études récentes qui ont
signalé que P. aeruginosa pourrait avoir un effet protecteur sur S. aureus 3% 34, Nous
confirmons effectivement cette tendance, puisque la phase initiale de décalage
observée pour la croissance de S. aureus en CWM n’existait pas dans la culture
mixte. De plus, le plateau atteint aprés 24h de co-culture correspond a une densité
cellulaire plus élevée. Nous avons également évalué le réle du « milieu plaie
chronique » sur la capacité a former du biofilm des bactéries. Nous nous sommes

intéressés a I'adhésion, premiere étape de la formation de biofilm, ainsi qu’a la
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quantification de la biomasse de biofilm mono ou multi-espéces. Les résultats obtenus
ont montré que I'adhésion était facilitée dans le « milieu plaie chronique » par rapport
au BHI. En effet, toutes les souches adhéraient plus rapidement dans le CWM. Nous
avons également vérifié si, au-dela de I'étape d’adhésion précoce, le « milieu plaie
chronique » facilitait la formation de biofilm en mesurant la biomasse du biofilm aprés
24 heures d’incubation. Les résultats corroborent I'évaluation précoce de I'adhésion
indiquant que notre nouveau modéle in vitro est compatible avec les études de biofilm
et que cet environnement favorise un biofilm rapide et dense. De maniére intéressante,
ces résultats sont cohérents avec le comportement des souches décrites dans les
plaies chroniques 3% 178 suggérant que ce nouveau milieu pourrait bien mimer
'environnement rencontré par les bactéries dans les lésions chroniques. Enfin, nous
avons étudié I'effet du CWM sur la virulence bactérienne. Toutes les souches de S.
aureus et de P. aeruginosa testées présentaient une virulence moindre dans le CWM
que dans le BHI. Ainsi, le nouveau modeéle vient étayer nos études antérieures
montrant que I'environnement présent au niveau des plaies influence la virulence des
souches. Certains auteurs ont déja souligné et critiqué le fait que la communauté
scientifique ne dispose pas d’'un modeéle standardisé pour étudier de facon fiable et
reproductible le biofilm dans des conditions in vivo 7% 18 Ce nouveau milieu peut ainsi

contribuer a fournir un modéle de base plus robuste pour étudier les plaies chroniques.

Ce modeéle in vitro nous a été utile afin d’étudier la virulence, la croissance, le
phénotype, et la formation en biofilm des souches de S. aureus et P. aeruginosa.
Néanmoins, en ce qui concerne la formation, la régulation et 'efficacité de molécules
thérapeutiques sur le biofilm bactérien, il nous semblait intéressant de ne pas s’arréter
au stade du CWM mais de développer d’autres techniques permettant de se
rapprocher des conditions naturelles dans lesquelles se forme le biofilm présent sur la

peau des plaies chroniques.

Coopération bactérienne et mesure de I'efficacité de molécules sur
biofilm formé : le Bioflux™ 200, un sérieux atout

L’un des objectifs centraux de cette thése était de pouvoir renforcer I'état de I'art
sur les modéles in vitro disponibles permettant I'investigation des plaies chroniques en

se focalisant tout particulierement sur I'étude des biofilms polymicrobiens. C’est ainsi

206



Infection des plaies chroniques & Biofilms

que, dans la logique du développement du « Chronic wound-like medium », nous
souhaitions utiliser une nouvelle technique reproductible, standardisée et
permettant le criblage a haut débit de potentielles molécules thérapeutiques tout en

simulant les conditions dans lesquelles se forme ce biofilm chez les patients.

En réalisant un tour de la littérature, nous avons observé que la majorité des
techniques qui visent a étudier le biofilm, qu’il soit en cours de formation ou mature,
présentent des inconvénients majeurs. En effet, ces méthodes utilisent des conditions
statiques de formation du biofilm '8!, Les plus répandues sont les méthodes en
microplaque 96 puits associant une mesure de la biomasse via l'utilisation du Cristal
Violet ou la méthode du Calgary Biofilm Device '3 182 Méme si ces techniques
répondent aux critéres de standardisation et de criblage a haut débit, les résultats,
ajouté aux conditions statiques, manquent de reproductibilité en raison des
nombreuses étapes de rincages nécessaires. Ces techniques microbiologiques
traditionnelles ont permis l'approfondissement des connaissances sur le biofilm
bactérien. Cependant, les difficultés a recréer certaines conditions physiques ou
biologiques, telles que I'absence de renouvellement de nutriments, d’oxygéne ou des
forces de cisaillements auxquelles sont soumises les bactéries in vivo, ont conduit les
scientifiques a développer de nouvelles méthodes '8, Ces techniques ont permis
I'investigation de biofilm polymicrobien et de cultiver une hétérogénéité de populations
bactériennes. Pour pallier ces problemes, des modéles en microfluidique ont vu le
jour permettant une étude des biofilms standardisée, reproductible, a haut débit et de
plusieurs espéces bactériennes a la fois. Ces modéles prennnent également en
compte le renouvellement du milieu de culture et des nutriments ainsi que les forces
de cisaillement qui régissent I'élaboration de cette communauté microbienne
organisée. La « flow cell » et ces dérivés automatisés tel le Bioflux™ 200 sont les fers

de lance de I'application microfluidique 8% 185,

Au cours de ce travail, 'unité INSERM U1047 a pu acquérir le systéeme Bioflux™
200, ce qui a permis de combiner ce modele d’étude a notre milieu in vitro afin d’étudier
la formation du biofilm mono et polymicrobien des souches de référence et cliniques
de S. aureus et P. aeruginosa en temps réel. Nous avons élaboré, en concordance
avec des données publiees, une méthode permettant de suivre [I'évolution du

pourcentage de biofilm formé dans le canal de microfluidique en fonction du temps
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ainsi que du milieu utilisé (CWM ou BHI). Les résultats de ces expériences ont montré
que les espéces étudiées formaient un biofilm robuste aprés 72 heures de culture dans
le Bioflux™ 200. La formation de ce biofilm était d’autant plus facilitée dans le CWM
gu'en BHI, la souche de référence de S. aureus Newman a été particulierement
influencée par le CWM et a formé un biofilm plus dense et de fagon plus rapide que la
souche de P. aeruginosa PAO1. Ces différences observées renforcent l'idée que le
milieu de culture a eu un impact important sur le comportement bactérien 8. De
maniére intéressante, lorsque les bactéries sont cultivées dans un environnement qui
imite étroitement les conditions in vivo, leur comportement change '¢7. A I'aide de ces
expériences nous avons pu particulierement constater le comportement différent de la
souche PAO1 dans les deux milieux étudiés. Nous avons observé la présence et la
production de structures caractéristiques des exopolysaccharides de P. aeruginosa
tels que l'alginate lorsque cette souche était cultivée 72 heures dans le CWM. Ces
structures n’étaient pas visibles dans les conditions de culture en BHI. L'alginate est
un exopolysaccharide synthétisé en réponse aux conditions environnementales. Il est
produit par P. aeruginosa en tant que polysaccharide de la matrice extracellulaire et
joue un rdle dans la virulence, la formation de biofilm et la résistance a différents
antibiotiques 88, Il a été précédemment montré que la souche de référence de P.
aeruginosa PAO1 était une souche non mucoide qui ne présente aucune production
d'alginate dans les milieux de culture conventionnels 8. Pour confirmer notre
hypothése, nous avons donc mis au point un protocole pour récupérer les bactéries
sessiles mais également les bactéries planctoniques libérées du biofilm a partir de
notre Bioflux™ 200. Nous avons par la suite, analysé les cellules sessiles par qRT-
PCR afin d’évaluer I'expression génique de régulateurs de la biosynthése de plusieurs
exopolysaccharides chez P. aeruginosa. Apres une culture prolongée de 72 heures
dans le CWM, nous démontrons ainsi pour la premiére fois que la souche PAO1 est
capable de surexprimer des génes impliqués dans la biosynthése de I'alginate mais
aussi des exopolysaccharides Pel et Psl. Ces trois composants sont essentiels pour
créer un échafaudage solide impliqué dans le maintien de l'intégrité du biofilm chez P.
aeruginosa 8. Ces données ont ainsi démontré que la combinaison du CWM et du
Bioflux™ 200, permettait la création d'un outil innovant et prometteur pour

l'investigation des biofilms de plaies chroniques.
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Une partie importante de I'étude des biofilms des plaies chroniques porte aussi
sur l'action et I'efficacité des agents antimicrobiens. Les biofilms sont impliqués
dans plus de 80% des infections chroniques des plaies 3*. La pénétration des
antibiotiques est généralement réduite dans le biofilm en raison, entre autres, de lEPS
190 |’étude de l'efficacité des antimicrobiens sur un biofilm mixte de P. aeruginosa et
S. aureus est particulierement intéressante, car ces bactéries sont la plupart du temps
co-isolées au niveau du lit de la plaie et leur interaction confere une difficulté
supplémentaire a I'éradication du biofilm 11, Deux types de modéles de biofilm in vitro
sont actuellement utilisés pour prédire I'efficacité antimicrobienne contre le biofilm : les
systemes fermés et ouverts. Les systémes fermés sont caractérisés par un apport
limité de nutriments et une accumulation de déchets métaboliques '°2. Les systémes
ouverts reproduisent mieux les conditions rencontrées in vivo, car il existe un controle
permanent de l'apport des nutriments, du débit et de la température '%3. Le systéme
BioFlux™ 200 est un systéme ouvert microfluidique qui aprés adaptation du protocole
initial, permettrait la mise en place de tests a haut débit '8% imitant la formation et la
prise en charge des biofilms in vivo. Dans cette optique, nous avons élaboré un
protocole sur le BioFlux™ 200 permettant de mimer mécaniquement un
débridement et de retirer une partie du biofilm préformé. Le débridement représente
la premiére étape de la prise en charge clinique d'une plaie chronique. Aprés avoir
formé un biofilm mature dans le Bioflux™ 200 pendant 72 heures, un débridement
automatique est réalisé par un processus de réversion du flux au travers du canal
microfluidique. Cette étape permet de réduire significativement le biofilm constitué.
Aprés analyse d’études cliniques 3 94 195 concernant I'efficacité du débridement du lit
de la plaie chez le patient, nous avons établi que le biofilm n'est jamais complétement
éliminé peu importe la nature du débridement utilisé. Il y a toujours un pourcentage de
biofilm restant qui facilite la rechute et la rematuration rapide d’'un biofilm. Les données
cliniques estiment l'efficacité du débridement qu'il soit mécanique, chirurgical,
enzymatique ou autre, autour de 85%. Nous avons donc fixé un maximum de 13 a
15% de biofilm restant dans le canal microfluidique aprés inversion du flux pour mimer
les conditions in vivo. Le but de ce débridement mécanique était d'étudier I'effet des
molécules antimicrobiennes dans un contexte similaire a la clinique, c’est-a-dire sur

un biofilm débridé.
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Nous avons donc évalué lefficacité de différents antibiotiques (plusieurs
concentrations testées) habituellement prescrits contre les infections a S. aureus et P.
aeruginosa isolées depuis des plaies chroniques. Cette étude a permis de mettre en

évidence que :

- L’oxacilline, le linézolide et la ceftazidime étaient efficaces contre un
biofilm préformé et débridé.
- La vancomycine et I'imipénéme étaient, quant a eux inefficaces,

méme a des concentrations élevées (100x CMI).

- Fait intéressant, si I'action des deux antibiotiques (imipénéme et
ceftazidime) utilisés contre P. aeruginosa ne semble pas étre
influencés par le milieu de culture testé, une différence significative
est observée avec les antibiotiques utilisés contre S. aureus. En
effet, la vancomycine, le linézolide et I'oxacilline présentent une
capacité limitée a diminuer le biofilm monomicrobien lorsque les
bactéries sont cultivées dans un milieu stressant tel le CWM. Cette
observation est intéressante et pourrait expliquer les difficultés
rencontrées dans ['évaluation de [lefficacité de nouvelle
thérapeutique anti-biofilm qui peuvent présenter une activité
modérée in vivo alors que les résultats in vitro en milieu de culture
classique étaient encourageants.

- Ces résultats semblent en accords avec des data récemment
publiées. Plusieurs études ont mis en évidence une inefficacité de
'imipénéme aux concentrations sub-inhibitrices et CMI pour
réduire la biomasse bactériologique dans le biofilm. Les auteurs ont
montré que 'utilisation de I'imipénéme favorisait méme la maturation
et 'augmentation de la biomasse bactérienne dans les biofilms a
partir d’isolats cliniques de mucoviscidose 9 197 En ce qui
concerne l'effet de la ceftazidime, certaines études sont corrélées
avec les conclusions présentées dans ces recherches. Otani et al.
198 ont noté l'efficacité de la ceftazidime pour réduire le biofilm de
PAO1, méme a des concentrations sous-CMI. L’efficacité de la
ceftazidime a également été démontrée dans un modeéle in vivo de

stent urétéral en association avec I'azythromycine '99. Cet
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antibiotique semble donc présenter un potentiel antibiofilm.
Toutefois, l'utilisation a long terme de la ceftazidime pourrait
entrainer une augmentation de résistance dans la population
planctonique mais également sessile 2°%- 201 En ce qui concerne S.
aureus, 'effet de la vancomycine en tant que potentiel antibiofilm a
déja était décrié. La vancomycine a une concentration de 1x la CMI
n’est pas capable de réduire la densité bactérienne dans le biofilm
202 A des concentrations sub-inhibitrices, la vancomycine
augmenterait méme la formation de biofilm mature 2°3. Certaines
etudes ont mis en évidence un effet de la vancomycine sur les
bactéries sessiles. Cependant, les concentrations utilisées étaient
particulierement élevées (120x MIC) et prolongées dans le temps.
Peu de données sur l'utilisation de lI'oxacilline sur le biofilm sont
publiées a ce jour. Mirani et al. 2°* ont démontré une influence de cet
antibiotique sur les souches de référence de S. aureus. Le
mécanisme pourrait étre di a la modulation de I'expression de icaA
et du régulateur agr, deux génes majeurs de la formation du biofilm.
L’efficacité de I’oxacilline sur le biofilm mature a été confirmée par
Manner et al. 2%, Enfin, en ce qui concerne le linézolide, des
publications ont rapporté que cet antibiotique utilisé seul était
inefficace pour réduire le biofilm de S. aureus 2% notamment dans
les infections ostéoarticulaires 2°7. Seuls Gander et al. 2% ont
observé un effet de 1x la CMI sur un biofilm en cours de formation.
Ces données renforcent donc la nécessité d'utiliser des milieux de
culture mais également des techniques plus fiables et mimant la
clinique pour évaluer I'efficacité des agents antimicrobiens et leurs

risques potentiels.

Au cours de la formation de biofilm, il est maintenant démontré que les cellules
sessiles acquiérent des caractéristiques physiologiques différentes de celles des
cellules planctoniques. Les modifications concernent, entre autres, la production
d'EPS, la croissance bactérienne, I'expression de certains génes, en particulier ceux
régulant I'adhésion cellulaire et la formation de biofilm, ou encore la résistance aux

agents désinfectants et aux antibiotiques 2°°. Parmi les étapes importantes du
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développement du biofilm, le détachement cellulaire 52 210 est un élément central
pour permettre la colonisation de nouvelles surfaces 2'1212, Néanmoins, peu de
travaux ont été menés pour élucider cette étape clef du détachement. Certaines
études se sont focalisées sur des mécanismes utilisant une approche moléculaire,
mais trés peu de recherches ont été menées pour étudier la physiologie des cellules
libérées depuis le biofilm 213215 La majorité des études sur les biofiims se sont
concentrées sur les mécanismes d'adhésion bactérienne et les changements de
comportement survenant lors du passage de I'état planctonique a I'état de biofilm 9.
Toutefois, il nous semblait fondamental de mener une étude aussi bien sur les cellules
planctoniques initiales et sessiles que sur les cellules détachées et libérées du biofilm
pour élucider le risque potentiel de recontamination et optimiser les procédures de
prise en charge thérapeutique. Nous avons cherché a étudier les caractéristiques
phénotypiques des cellules détachées du biofilm et les comparer avec leurs

homologues sessiles et planctoniques initiales.

Nous avons, donc dans un premier temps, adapté un protocole pour pouvoir
isoler, a partir des expériences réalisées dans le Bioflux ™ 200, les bactéries sessiles
mais également les bactéries libérées du biofilm. Nous avons par la suite comparé ces
3 populations bactériennes en décrivant des caractéristiques phénotypiques, de
croissance, d’adhésion et d’expression de certains génes impliqués dans la formation

du biofilm.
Les résultats de cette étude ont mis en avant que :

- Les bactéries libérées du biofilm de S. aureus et P. aeruginosa
présentaient des croissances intermédiaires par rapport au
cellules planctoniques initiales et aux bactéries sessiles. Les
plateaux de croissance étaient plus importants que ceux des
bactéries sessiles mais significativement moins importants que celui
retrouvé lorsque la bactérie n’est pas passé par un cycle de vie en
biofilm.

- Ces différences de croissance étaient d’autant plus importantes
quand les bactéries étaient cultivées en milieu stressant et mimant

I'environnement plaie chronique que dans un milieu classique.
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- Ce comportement « intermédiaire » a été confirmé en analysant les
capacités d’adhésion et de formation de biofiim des diverses
bactéries. Peu importe 'espéce étudiée, les bactéries sessiles sont
capables de ré adhérer trés rapidement a une surface. Cette
capacité a adhérer trés rapidement est également présente chez les
bactéries libérées du biofilm. Encore une fois, ces différences
notables sont accentuées par le milieu dans lequel les bactéries sont
cultivées.

- L’expression de génes importants dans la régulation du biofilm
bactérien tel que fnbpA ou agrA pour les souches de S. aureus était
aussi impactée par les différentes populations. fnbpA était
surexprimé chez les bactéries sessiles, a l'inverse d’agrA, qui lui
était surexprimé dans la population initiale. A noter, le profil
d’expression dit « intermédiaire » de ces génes chez les bactéries
libérées du biofilm.

Pour les souches de P. aeruginosa nous avons mis en avant que tous

les génes impliqués dans la synthése des exopolysaccharides ; pel, ps/

et algR, mais également les génes régulant le QS ; rhll, lasl et pgsH,
étaient exprimés de maniére significativement plus importante dans les
cellules sessiles par rapport aux cellules planctoniques initiales et
libérées du biofilm. La différence d’expression entre cellules initiales et

détachées était également notable.

Les bactéries sessiles présentent un phénotype distinct de celui de leurs
homologues planctoniques. La technique et les protocoles développés dans ce travalil
afin de collecter les cellules sessiles et libérées du biofilm et de les cultiver en
conditions stressantes pourraient constituer un nouvel outil reproductible pour étudier
les caractéristiques des biofilms bactériens. En ce qui concerne la cinétique de
croissance, les cellules sessiles et détachées semblent étre dans un état
physiologique différent de celui des cellules originelles. Les phases de latence
observées chez les bactéries sessiles et libérées du biofilm suggerent qu'elles ont
besoin d'une période d'adaptation pour revenir a la croissance planctonique. Ces
résultats confirment que les bactéries sessiles et planctoniques présentent des

caractéres différents 216, lls sont en accord avec les résultats publiés 2'7- 218 montrant
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que la limitation de la diffusion de I'oxygéne et des nutriments dans les biofilms altére
les taux de croissance bactérienne. lls indiquent également que les cellules détachées
sont moins aptes a revenir au mode planctonique. La capacité a ré-adhérer a des
surfaces et reformer un biofilm a aussi prouvé que les bactéries sessiles et libérées
étaient capables de présenter une adhésion plus rapide, autour de 2 heures avant les
bactéries initiales. Ces données d’adhésion sont confirmées par d’autres publications
chez P. aeruginosa 2'® ou chez Klebsiella pneumoniae 2'°. Ces résultats pourraient
étre expliqués par les changements des propriétés physico-chimiques des cellules
issues du biofilm qui leur conféreraient une adhésion facilitée aux différents supports.
Des études ont démontré des différences d’hydrophobie 220 ou d'affinité pour les
solvants apolaires 22" 222, Enfin, concernant I'expression génique mesurée chez les
diverses populations, deux hypothéses sont a I'heure actuelle envisagées. La premiére
soutient que les bactéries libérées posseédent des caractéristiques trés proches des
bactéries sessiles temporairement jusqu’a retrouver progressivement un phénotype
planctonique 223 224 |a seconde hypothése met en avant les cellules libérées du

biofilm comme réelle population isolée 22°.

Nos résultats démontrent donc que les cellules détachées du biofilm sont
distinctes des cellules cultivées initialement et des cellules sessiles. Les changements
de comportement survenus lors de I'attachement bactérien semblent conservés apres
la dispersion. Ces conclusions montrent que les cellules détachées du biofilm
représentent également un risque élevé de recolonisation du lit de la plaie chez le
patient. Il serait maintenant intéressant de comparer la virulence ainsi que la sensibilité

aux agents infectieux des trois populations.

Aprés avoir étudier la formation de biofilms de souches bactériennes isolées, la
recherche s'est progressivement tournée vers I'étude de la complexité et des
interactions dans les biofilms multi-espéces 2?6 227 | es observations convergent
vers la découverte que les bactéries résidant dans les biofilms mixtes s’organisent de
maniére particuliére dans I'espace en réponse aux interactions inter-espéces '3%227.
228 | es interactions métaboliques, conduisant a la coopération ou la compétition, sont
omniprésentes dans les biofilms polymicrobiens et jouent un role important dans le
maintien de la diversité et de la stabilit¢ des communautés microbiennes 22%- 231 En

général, dans les environnements structurés tel que le biofilm, une coexistence des
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especes bactériennes est privilégiée grace a des interactions bénéfiques telles que le
co-métabolisme et les interactions coordonnées 232233 comme I'a prouvé Harrison en
ce qui concerne la virulence bactérienne 23*. Toutefois, ces derniéres années nombres
d’études ont permis de mettre en évidence que ces liens étroits ne sont pas toujours
en faveur de linfection 132 133,134,235 |nyestiguer les mécanismes de coopération et
d’inhibition qui régissent les biofilms bactériens des plaies chroniques passe en partie

par la compréhension de I'organisation spatiale des espéces.

Nous avons donc initié, en se basant sur notre technique permettant la
combinaison du Bioflux ™ 200 et du milieu « plaie chronique », une étude permettant
la visualisation en 3 dimensions des especes bactériennes a l'intérieur d’'un biofilm
mature mixte composé de S. aureus et P. aeruginosa. Pour réaliser ceci, nous avons
premierement modifié nos souches cliniques de S. aureus et P. aeruginosa afin d'y
intégrer un plasmide vecteur de fluorescence. Ensuite, nous avons élaboré un
protocole permettant d’utiliser des plaques a fond amovible pour visualiser en
microscopie confocale I'organisation des différentes especes bactériennes dans le

biofilm mature.

Nos résultats sont encourageants et semblent démontrer qu’au sein du biofilm
polymicrobien, S. aureus et P. aeruginosa ne sont pas organisés de maniére aléatoire.
Grace a la microcopie confocale et a la fluorescence, nous observons que P.
aeruginosa est situé plus en profondeur que S. aureus. En effet, lorsque les
bactéries sont localisées a un méme endroit, S. aureus est positionnée au-dessus de
P. aeruginosa qui forme la premiére couche d’adhésion contre le support. Cette
observation avait déja pu étre matérialisée in vitro en étudiant des biofilms mixtes
Pseudomonas/Staphylocoque de plaies chroniques 2%¢. La capacité de P. aeruginosa
a migrer via ses pili de type IV et le flagelle dans les biofilms 237238 peut expliquer la

présence de ces bactéries dans les régions plus profondes des plaies chroniques.

Nous souhaitons en perspective améliorer cette technique de visualisation en 3
dimensions mais également pourvoir étudier, via I'outil de microscopie confocale,
d’autres parameétres. A I'heure actuelle nous sommes en train d’analyser I'effet sur
chaque espéce bactérienne du débridement automatique que nous avons développé

mais également de [lutilisation des antibiotiques. Cet outil semble réellement
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prometteur pour comprendre les interactions entre espéces bactériennes mais aussi

pour interpréter 'efficacité de nouvelles approches thérapeutiques.

Conclusion & Perspectives

Les travaux de recherche menés lors de cette thése sont le reflet d’'un
partenariat abouti entre la société Biofilm Pharma, I'unité Inserm U1047 « Virulence
bactérienne et infections chroniques » et le Centre Hospitalo-Universitaire de Nimes.
La force de cette collaboration a été le moteur du développement d’'un nouveau milieu
de culture mimant I'environnement rencontré au sein des plaies chroniques. Ce milieu
a permis d’étudier le lien entre facteurs environnants et capacité des souches de S.
aureus et P. aeruginosa a former du biofilm mais également a moduler I'expression de
génes impliqués dans la régulation et la formation dudit biofilm, a croitre ou encore a
étre virulentes. Nous avons également confirmé l'importance des coopérations
bactériennes en évaluant I'effet de I'association de S. aureus et P. aeruginosa sur
divers parameétres tels que la virulence, la croissance, 'adhésion précoce, la formation
de biofilm. Enfin nous avons pu décrire une méthode de quantification et de
visualisation du biofilm polymicrobien permettant également de tester sur un biofilm

préformé et débridé I'efficacité antibiofilm de nouvelles molécules thérapeutiques.

Ces recherches posent donc les bases de modéles in vitro innovants permettant
d’améliorer nos connaissances sur la physiopathologie des plaies chroniques qui
pourraient, in fine, faire progresser la prise en charge des patients. Toutefois, il est

possible d’aller plus loin dans I'utilisation des modéles.

Dans notre étude, les tests ont été réalisés sur seulement 3 couples cliniques
de S. aureus et P. aeruginosa et deux souches de références. Il semble donc, en
premier lieu, important de confirmer les data obtenues en augmentant le nombre de
couples cliniques et en prenant également en compte le grade d’infection des

plaies chroniques sur lesquelles sont isolées les souches.

Une des optimisations pertinentes est de pouvoir adapter le CWM de base crée
lors de cette thése a certaines plaies chroniques particuliéres. Aussi, dans le cadre
des infections du pied chez le patient diabétique, des études ont mis en avant la

présence de glucose ou d’antibiotiques dans I'environnement des plaies. La
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composition du CWM peut donc étre complémentée avec les composants

précédemment cités pour mimer ces infections spécifiques.

Des études transcriptomiques plus complétes telles que le RNAseq devraient
étre réalisées sur les souches cultivées seules et/ou association dans le milieu contréle
versus le CWM pour visualiser I'effet du milieu « plaie chronique » mais également
celui de la coopération des deux bactéries sur leurs génomes respectifs. De plus, la
colonisation des plaies chroniques par le couple S. aureus | P. aeruginosa est
fréquente mais il existe également d’autres coopérations bactériennes mises en
évidence par des études métagénomiques. |l serait, par conséquent, intéressant de
tester d’autres interactions bactériennes telles que S. aureus / S. epidermidis ; S.

aureus | E. coli etc...

Enfin, le nombre de molécules décrites ayant une valeur ajoutée antibiofilm ne
cesse d’augmenter. De nombreux projets cherchent, au travers du criblage a haut
débit, a développer de nouvelles molécules permettant la prévention de la formation
ou la dispersion du biofilm bactérien. Dans ce contexte, il sera certainement important
de tester I'efficacité de ces nouvelles molécules « antibiofilm » dans des conditions de
formation de biofilm similaires a ce que 'on retrouve au niveau du lit de la plaie chez
le patient. Il est donc important de posséder de nouvelles techniques reproductibles
permettant de rendre compte aussi bien de l'activité préventive que curative de ce
potentiel arsenal thérapeutique. Le CWM couplé aux protocoles développés et
optimisés au cours de cette thése et appliqués au Bioflux™ 200, représente un
ensemble technologique pouvant répondre aux besoins futurs dans la détermination
de nouvelles ressources contre les biofilms polymicrobiens. Des études menées au
sein de notre laboratoire se concentrent actuellement sur ['évaluation d’autres
antibiotiques (utilisés seuls ou en association) couramment prescrits en clinique, ainsi
que sur I'évaluation de certains antiseptiques qui pourraient étre utilisés dans la
prévention et la dispersion du biofilm mature. Enfin, le partenaire industriel BioFilm
Pharma, dont un des volets de recherche consiste a développer de nouvelles
molécules dit « hit » a valeur ajoutée antibiofilm, devrait prochainement tester, a
'aide des modeéles développés durant cette thése, plusieurs « hits » thérapeutiques

prometteurs.
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ABSTRACT Escherichia coli O25b:H4 sequence type 131 (ST131), which is resistant
to fluoroquinolones and which is a producer of CTX-M-15, is globally one of the ma-
jor extraintestinal pathogenic E. coli (EXPEC) lineages. Phylogenetic analyses showed
that multidrug-resistant ST131 strains belong to clade C, which recently emerged
from clade B by stepwise evolution. It has been hypothesized that features other
than multidrug resistance could contribute to this dissemination since other major
global ExPEC lineages (ST73 and ST95) are mostly antibiotic susceptible. To test this
hypothesis, we compared early biofilm production, presence of EXPEC virulence fac-
tors (VFs), and in vivo virulence in a mouse sepsis model in 19 and 20 epidemiologi-
cally relevant strains of clades B and C, respectively. Clade B strains were signifi-
cantly earlier biofilm producers (P < 0.001), carriers of more VFs (P =4e—07), and
faster killers of mice (P = 2e—10) than clade C strains. Gene inactivation experiments
showed that the H30-imB and ibeART genes were associated with in vivo virulence.
Competition assays in sepsis, gut colonization, and urinary tract infection models be-
tween the most anciently diverged strain (B1 subclade), one C1 subclade strain, and
a B4 subclade recombining strain harboring some clade C-specific genetic events
showed that the B1 strain always outcompeted the C1 strain, whereas the B4 strain
outcompeted the C1 strain, depending on the mouse niches. All these findings
strongly suggest that clade C evolution includes a progressive loss of virulence in-
volving multiple genes, possibly enhancing overall strain fitness by avoiding severe
infections, even if it comes at the cost of a lower colonization ability.

KEYWORDS Escherichia coli, ST131, fimbriae, ibeART operon, in vivo virulence, niche
adaptation

nn the last 2 decades, multidrug-resistant (MDR) Escherichia coli O25b:H4 sequence
type 131 (ST131) has emerged worldwide among human extraintestinal pathogenic
E. coli (EXPEC) strains (1, 2). This E. coli lineage is composed of two clades, called clades
B and C, defined on the basis of the fimH alleles H22 and H30 (3, 4). A time-calibrated
phylogeny showed that clade C emerged from clade B and that sequential mutational
events shaped the evolution of 025b:H4 ST131 from the 1950s, resulting in the
diversification of clade B into different subclades (subclades B1 to B5 and then the
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intermediate subclade, BO) and the appearance of clade C (5). The diversification of
clade C into different subclades was characterized by the acquisition of the fimH30
allele in about 1980, resulting in the CO subclade, followed by the acquisition of the
gyrA1AB and parClaAB alleles, encoding fluoroquinolone resistance, in about 1987,
resulting in the C1 and C2 subclades (5). All C2 subclade strains and a fraction of the
C1 subclade strains forming the C1-M27 cluster (6) are additionally resistant to
extended-spectrum cephalosporins (ESC) due to the production of extended-spectrum
B-lactamases (ESBL) of the CTX-M type, CTX-M-15 and CTX-M-27, respectively.

Existing epidemiological studies have examined the prevalence of ST131 among E.
coli isolates that are resistant to fluoroquinolones and/or that are producers of ESBL (7).
Few studies have assessed the relative frequencies of ST131 clade B and clade C (8-11),
and none of them have assessed the relative frequencies of the B and C subclades.

The evolutionary success of MDR ST131 clade C s still largely unexplained. Multidrug
resistance may explain this success, as resistance to fluoroquinolones and ESC was
shown to not impact the growth fitness of clade C strains (12, 13). However, E. coli
lineages susceptible to antibiotics, such as ST73 and ST95, are as successful as ST131
clade C (in terms of their frequency in bacteremia and urinary tract infections),
suggesting that factors other than antibiotic resistance can participate in the success of
a lineage (9). Thus, by combining population genomics and modeling approaches,
McNally et al. (14) showed that, compared to other dominant E. coli lineages and also
to ST131 clade B, MDR ST131 clade C has accumulated a significantly elevated allelic
diversity particularly enriched for genes involved in anaerobic metabolisms and other
loci encoding factors contributing to human colonization by EXPEC. Given the low
frequency of occurrence of this allelic diversity, the authors suggested adaptation to
separate ecological niches among ST131 clades. For their part, Billard-Pomares et al.
(15) showed that since 2000 the arginine deiminase operon has been increasing in
prevalence in isolates producing ESBL, especially CTX-M, largely due to its presence in
ST131 clade C. This operon was deleterious for the ESBL-producing strain tested in a
mouse gut colonization model but contributed to its virulence in a mouse model of
urinary tract infection (15). Therefore, this suggests the potential for ST131 clade C to
adapt to different human niches.

In the present study, we chose to mostly perform phenotypic comparisons between
clade B and clade C strains to get further insights into factors that have favored clade
C dissemination. To this end, we established a collection of 39 E. coli 025b:H4 ST131
strains composed of strains representing the 025b:H4 ST131 clade and subclade
diversity. The characterization of the 39 strains with regard to early biofilm formation
and the capability to kill mice in a sepsis model, as well as competitions between
selected clade B and clade C strains in various mouse models, allowed us to highlight
the difference in the virulence potential of clade B and clade C strains.

RESULTS

Epidemiology of the 025b:H4 ST131 B and C subclades in extraintestinal
infections over time. Recently, Kallonen et al. depicted 197 O25b:H4 ST131 isolates
(161 belonging to clade C and 36 belonging to clade B) among 1,509 bacteremia E. coli
isolates systematically collected between 2001 and 2012 in England (9). To have an
overview of the epidemiology of the 025b:H4 ST131 B and C subclades, we used the
whole-genome sequence of the English 025b:H4 ST131 isolates and reference strains of
the different 025b:H4 ST131 B and C subclades (5) to build a phylogenetic tree from
nonrecombinant single nucleotide polymorphisms (SNPs) of core genomes and clarify
to which B and C subclades the 197 English O25b:H4 ST131 isolates belonged (see Fig.
S1 in the supplemental material). We then assessed their relative frequencies (Fig. 1A
and B) and investigated the trends in their frequency over the period from 2001 to 2012
(Fig. 1C). Among clade B strains, only the B5 subclade strains exhibited a notable
increase (logistic regression for B5 strain presence as a function of time, 0.24 per year
[95% confidence interval {Cl}, —0.005 to 0.5 per year]). Both the C1 and C2 subclade
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FIG 1 Dynamics of subclades in 197 025b:H4 ST131 Escherichia coli strains isolated from cases of bacteremia over a 11-year sampling period (data
are from Kallonen et al. [9]). (A) Cumulative frequencies of 025b ST131 subclades as a function of time, from the most ancestral B1 subclade at
the bottom to the derived C2 subclade on the top. (B) Frequency of ST131 subclades as a function of time. Subclades are represented by colors.
(C) Inferred linear trends of ST131 subclade frequencies (among all E. coli strains [n = 1,509]) as a function of time from 2001 to 2012. Among the
clade B strains, only the subclade BS strains exhibited a notable increase (logistic regression for subclade B5 strain presence as a function of time,
0.24 per year [95% Cl, —0.005 to 0.55 per year]). Both the C1 and C2 subclade strains significantly increased (0.15 per year [95% Cl, 0.01 to 0.30

per year] for C1, 0.08 per year [95% Cl, 0.02 to 0.14 per year] for C2).

strains significantly increased (0.15 per year [95% Cl, 0.01 to 0.30 per year] for C1, 0.08
per year [95% Cl, 0.02 to 0.14 per year] for C2).

Molecular characteristics of the 39 studied 025b:H4 ST131 strains. As illustrated
in Fig. 1 and by studies that had used the fimH typing method to characterize 025b:H4
ST131 collections (16, 17), clade B/fimH22 strains are much less frequent than clade
C/fimH30 strains. Therefore, to establish an 025b ST131 collection comprising as many
clade B strains as clade C strains, we obtained fimH22 strains either previously published
or belonging to the coauthors’ personal collections (Table S1). Thus, we were able to
get 18 fimH22 strains, to which were added 21 fimH30 strains, which generally came
from the same collections as the fimH22 strains (Table S1). The 39 strains were human
strains isolated in Spain and France between 1993 and 2012 mostly from the blood of
adult patients and the feces of healthy adults and children (Table S1). Through the
phylogenetic tree constructed from nonrecombinant SNPs of core genome genes (Fig.
S1), we found that the 39 strains were composed of 19 clade B strains distributed into
the different B subclades, except for the BO and B2 subclades (two subclades also
absent among the 36 English 025b:H4 ST131 clade B isolates), and 20 clade C strains
distributed into the three C subclades (subclades CO, C1, and C2). Among the 19 clade
B strains, 17 displayed the fimH22 allele; 1 displayed a fimH22-like allele; and 1, B4
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subclade strain CES131C, displayed the fimH30 allele that had been described to be
specific to clade C strains (Table 1). For this reason, the CES131C strain is called
“Recombinant” in the rest of this report.

All strains but one (strain 208) harbored an IncF plasmid with an Fll, FIA, and FIB
replicon allele composition corresponding to the one previously described for clade B
and C0/C1 and C2 subclade strains (13), except for one C1 subclade strain (CES9C) that
lacked the FIB replicon observed in C2 subclade strains (Table 1). Four clade B strains
(two of the B1 subclade, one of the B3 subclade, and one of the B5 subclade) harbored
a RepF1C replicon that belonged to the RepFlIA family (18), and one B3 subclade strain
harbored two replicons of the RepFIIA family (Table 1).

As shown in Table 1, the 39 strains comprised 30 strains, 10 of which were clade B,
displaying diverse antibiotic resistance-encoding genes with a gradual accumulation
from clade B to clade C.

In vitro phenotypes of the 39 studied 025b:H4 ST131 strains. We first assessed
four in vitro phenotypes of the 39 collected strains: the maximum growth rate (MGR),
the kinetics of early biofilm formation, and the expression of both type 1 and curli
fimbriae.

For the MGR measured in a complex medium (lysogeny broth [LB]) under planktonic
and shaking conditions (Fig. 2), there was no significant difference regardless of the
comparisons made: clade B versus clade C (P = 0.08) (Fig. 2A), clinical versus fecal
strains (P = 0.07) (Fig. 2B), nalidixic acid-resistant versus nalidixic acid-susceptible clade
B strains (P = 0.9) (Fig. 2C), and nalidixic acid-/ciprofloxacin-resistant versus nalidixic
acid-/ciprofloxacin-susceptible clade C strains (P = 0.9) (Fig. 2D).

We investigated the kinetics of early biofilm formation because previous results had
shown that among a large collection of E. coli clinical isolates composed of 99 sequence
type (ST) lineages, the O25b:H4 ST131 lineage belongs to the few lineages able to form
a biofilm early in the experiment (19). We showed here that clade B strains were more
frequently early biofilm producers than clade C strains (P < 0.001). More specifically, we
found three significantly different phenotypes of early biofilm production (P < 0.0001)
among the 39 studied strains (Fig. 3A; Table 1): early and persistent producers (biofilm
index [BFI] = 10 at 2, 3, and 5 h), delayed producers (BFI > 10 at 2 and 3 h but BFI = 10
at 5 h), and never producers (BFI > 10 at 2, 3, and 5 h). As BFI values after 2 and 3 h of
incubation classified a given strain into the same early biofilm formation phenotype
(Fig. 3A), only BFI values obtained after 2 and 5 h of incubation were considered for
further analyses. The 19 clade B strains were either early producers (n = 8), delayed
producers (n = 8), or never producers (n = 3), whereas the 20 clade C strains were
either delayed producers (n = 8) or never producers (n = 12) (Fig. 3A; Table 1). Within
clade B, there was a significant difference between the seven B5 subclade strains (early
producers, n = 5; delayed producers, n = 2) and the seven B4 subclade strains (delayed
producers, n = 4; never producers, n = 3) (P = 0.02). Inversely, there was no significant
difference between the three clade C subclades regarding the early biofilm formation
phenotypes.

As the ability to form a biofilm is linked to type 1 and curli fimbria expression (20),
we studied the expression of these types of fimbriae in the 39 strains at different times
and under different growth conditions. After 2 and 5 h of shaking growth, the early
biofilm producers more frequently expressed type 1 fimbriae than the delayed
(P<0.01) and never (P=0.0001) producers, and clade B strains more frequently
expressed type 1 fimbriae than clade C strains (P < 0.0001) (Table 2). All these signif-
icant differences were still observed after 24 h of growth under shaking conditions, but
no significant difference was observed under static conditions (Table 2). Curli fimbria
expression (Table 3), as assessed by the Congo red morphotype, was significantly
associated with the early biofilm formation phenotype (P < 0.0001). Significantly more
clade B strains (47%) than clade C strains (15%) were positive by the Congo red assay
(P < 0.001).
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FIG 2 Maximum growth rate (MGR) in LB of the 39 025b:H4 ST131 Escherichia coli strains studied. MGR
was calculated from three independent LB culture assays and is expressed in hours—'. Box plots indicate
the MGR distribution across strains, and horizontal black bars indicate median values. The upper and
lower ends of the box correspond to the upper and the lower quartiles, respectively. Error bars represent
the standard error of the mean from three experiments. Outliers are represented by dots. (A) MGR of
clade B and clade C strains. (B) MGR of clinical and commensal (fecal) strains. (C) MGR of nalidixic
acid-resistant (R) and -susceptible (S) strains within clade B. (D) MGR of nalidixic acid-resistant (R) and
-susceptible (S) strains within clade C. No significant difference was observed in each comparison
(Wilcoxon test).

In sum, the MGR in a complex medium did not differ significantly between clade B
and clade C strains, whereas clade B strains had a higher capability than clade C strains
to form a biofilm early and express type 1 and curli fimbriae earlier.

Potential role of the fimB and the ibeA genes in the different phenotypes of
early biofilm formation and type 1 fimbria expression identified among the 39
025b:H4 ST131 strains studied. To decipher the molecular supports for the different
early biofilm formation and type 1 fimbria expression phenotypes observed among the
39 strains, we analyzed the fim operon across the 39 studied strains, knowing that (i) the
ISEc55 insertion sequence, which encodes a cofactor of type 1 fimbria synthesis
regulation, has been described within the clade C imB gene (21) and (ii) Recombinant
displayed the fimH30 allele previously thought to be a specific trait of clade C strains.
Between the fim operon of the fimH22 clade B strains and that of Recombinant, there
were from 5 to 50 SNPs per gene, depending on the gene (Fig. 4). Inversely, between
the fim operon of Recombinant and that of clade C strains, there was a perfect match,
except for two SNPs and the absence of ISEc55 within the fimB gene of Recombinant
(Fig. 4). We also found a partial deletion of the fim operon in two fimH22 clade B strains,
the B4 subclade strain 001-001 and the B5 subclade strain H1447 (data not shown).

To assess the role of the fimB gene in early biofilm formation and type 1 fimbria
expression, we constructed AfimB mutants from the B1 subclade strain $S250, which

December 2020 Volume 88 Issue 12 e00576-20

246

Infection and Immunity

iai.asm.org 6



Infection des plaies chroniques & Biofilms

Globally Emergent ST131 Clade C Shows Virulence Loss

Infection and Immunity

20 1
T
£l I —— T !
151 g - Biofilm groups
£ 3 Nt SRt | +- Early producers
R i —e— Delayed producers
PRI i T ! )
& " S - " ~»~ Never producers
o 101 - S °
S Mo Clades
o , 4 2 ) — Clade B
] 3 = 2 L e Clade C
- ~ e m—— e \ :‘*
- ~— - S, i
0 il k .
2 3 4 5
A Time (h)
201
Strains .
- i = s Recombinant
e e ~+Recombinant AfimB
-=MT Divergent AibeA
™ 101
1 @ .
Complementation Complementation
— No 51 = No
=~ Complemented = Complement_ed
== Empty plasmid 0- == Empty plasmid
-5 =
C 2 Y 3 ’ 2 3 4 5
B Tne:h) C Time (h)

FIG 3 Early biofilm kinetics of the 39 025b:H4 ST131 Escherichia coli strains and mutants studied. The BioFilm ring test was used to measure early biofilm
formation, i.e., after 2, 3, and 5 h of static incubation. Biofilm index (BFI) values are inversely proportional to the biofilm formation capacity, with a BFl value
of =10 meaning biofilm formation and a BFl value of >10 meaning no biofilm formation. (A) Biofilm kinetics for the 39 025b ST131 strains. Clade B strains were
more frequently early biofilm producers than clade C strains (P < 0.0001). (B) Biofilm kinetics for (i) MT Divergent and its AfimB:FRT and AibeA:FRT mutants,
which became never and delayed biofilm producers, respectively, in the 5-h assay period; (ii) MT Divergent AfimB:FTR and AibeA:FRT mutants complemented
with the wild-type fimB gene (AfimBc) and the wild-type ibeA gene (ibeAc), both of which were harbored by plasmid pSC-A, in which the early biofilm formation
phenotype of the parental strain was partially and totally restored, respectively; and (iii) MT Divergent AfimB:FTR and MT Divergent AibeA:FRT mutants
complemented with the empty plasmid pSC-A (AfimBp and AibeAp, respectively). (C) Biofilm kinetics of Recombinant, its AfimB:FRT mutant, and the
Recombinant AfimB::FRT mutant complemented with the wild-type fimB gene harbored by plasmid pSC-A (AfimBc) or transfected with the empty plasmid pSC-A
(AfimBp). The AfimB:FRT mutant lost the capacity to produce a biofilm early, whereas when it was complemented with the wild-type fimB gene, it produced

a biofilm earlier than the parental strain.

displayed an early (from 2 h) phenotype for the two traits (Tables 1 and 4), and
Recombinant, which displayed a delayed (at 5 h) phenotype for the two traits (Tables
1 and 4). Both the $S250 AfimB and Recombinant AfimB mutants lost their ability to form
a biofilm (Fig. 3B and C) and to express type 1 fimbriae during the 5-h time period
(Table 4). Complementation with the wild-type S250 fimB gene rendered the comple-
mented strain a producer of a biofilm from 3 h, but at a level lower than that observed
in strain S250 (Fig. 3B), and restored the expression of type 1 fimbriae observed in strain
S250 (Table 4). Complementation with the wild-type recombinant fimB gene rendered
the complemented strain a producer of a biofilm from 3 h, meaning that it was an
earlier producer than Recombinant (Fig. 3C), and permitted the expression of type 1
fimbriae during the 5-h period of the experiment instead of only at 3 h, as observed in
Recombinant (Table 4). Type 1 fimbria expression was also assessed after 24 h of

December 2020 Volume 88 Issue 12 e00576-20

247

iai.asmorg 7



Infection des plaies chroniques & Biofilms

Duprilot et al.

TABLE 2 Yeast agglutination test applied to the 39 025b:H4 Escherichia coli strains under
different growth conditions and at different time points according to biofilm production
phenotype and clade type?

No. (%) of strains positive by yeast agglutination test

Early test, shaking

culture Standard test, 24 he
Group 2h 5h Shaking culture Static culture
Biofilm ++ (n = 8) 8 (100)b< 8 (100)b< 8 (100)b< 8 (100)
Biofilm —+ (n = 16) 5 (31)bc 5 (31)bed 4 (25)bc 11 (69)
Biofilm — (n = 15) 2 (13)¢ 0<d 0¢ 11 (73)
Clade B (n = 19) 15 (79)¢ 13 (68)° 12 (63)° 17 (90)
Clade C (n = 20) 0c 0° 0c 13 (65)

aThe standard test was performed as described by Totsika et al. (21). Early tests were always negative in
static cultures (data not shown). ++, early biofilm producer; —+, delayed biofilm producer; —, never
biofilm producer. P values were determined by Fisher's exact test.

bp < 0.01.

<P < 0.0001.

4P < 0.05.

incubation (Table 4). This experiment showed that the S250 AfimB mutant did not
express type 1 fimbriae at 24 h under either shaking or static conditions, whereas the
Recombinant AfimB mutant and the tested clade C strain (CES164C) did, but only under
static conditions (Table 4).

We then investigated the ibeA gene, knowing that (i) it was previously suggested
that the brain endothelial cell invasion and adhesion determinants encoded by the ibeA
gene and the ibeT gene, respectively, would have a role in modulating the expression
of type 1 fimbriae (22) and (ii) the ibeA gene is absent in clade C strains (Table 5). We
found that the gimA locus, including the ibeAT genes, encompassed with the ibeR gene
in the gimA4 operon, was present in all clade B strains except for strain 001-001 (data
not shown) and Recombinant, in which it was completely deleted, as in clade C strains
(Fig. 4). Additionally, we found that the inactivation of the ibeA gene of strain 5250
rendered the S250 AibeA mutant a delayed producer of a biofilm, whereas its comple-
mentation with the wild-type ibeA gene restored the early biofilm phenotype observed
in the parental strain (Fig. 3B). Inversely, ibeA inactivation in strain $250, as well as that
of the ibeART operon, had no impact on the expression of type 1 fimbriae (Table 4).

In sum, the targeted-gene analysis performed in vitro, i.e., in a simple environment,
showed the involvement of both H22/H30 FimB and IbeA in early biofilm formation and
only that of H22/H30 FimB in the early expression of type 1 fimbriae.

In vivo virulence and EXPEC VF gene content of the 39 studied 025b:H4 ST131
strains. By using a well-calibrated mouse sepsis model (23), we assessed, in vivo, a more
complex phenotype i.e., the intrinsic extraintestinal virulence, of the 39 strains studied.
We found that clade B strains were significantly more virulent than clade C strains
(P = 2e—10) (Fig. 5). Among the clade B strains (Fig. 6A), no significant difference was

TABLE 3 Colony color and morphotype on Congo red agar plates of the 39 025b:H4
ST131 Escherichia coli strains according to biofilm production phenotype and clade type?®

No. (%) of strains with a positive Congo red test

Group Congo red staining rdar morphotype
Biofilm ++ (n = 8) 8 (100)® 8 (100)®

Biofilm —+ (n = 16) 1 (6)® 1 (6)?

Biofilm — (n = 15) 4 (27)b 3 (20)®

Clade B (n = 19) 9 (47)c 9 (47)¢

Clade C (n = 20) 3 (15)¢ 2 (10)c

a++, early biofilm producer; —+, delayed biofilm producer; —, never biofilm producer; rdar, red, dry, and
rough colonies. P values were determined by Fisher's exact test.

bp < 0.0001 for the early biofilm producer group versus both the delayed biofilm producer and never biofilm
producer groups.

<P < 0.001 for clade B versus clade C.
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FIG 4 Schematic representation of the fim operon and the gimA locus in 025b:H4 ST131 fimH22-clade B strains, Recombinant, and clade C strains. The genes
of the fim operon are depicted by green arrows, except for the im$S gene, which is an invertible element; those of the gimA4 operon, including the ibeART
operon, which are indicated by ocher arrows; and those of the three other operons of the gimA locus, which are indicated by pink rectangles. The dashed lines
indicate the deletion of the gimA locus in both Recombinant and the clade C strains. Yellow indicates the ISEc55 insertion within the fimB gene of all clade C
strains. (A) Comparison between fimH22-clade B strains based on the fim operon of a B1 subclade strain (strain $250) and Recombinant (B4 subclade). (B)
Comparison between Recombinant and clade C strains based on the operon of a C1 subclade strain (CES164C). SNPs, single nucleotide polymorphisms; +1,
the presence of a gap.

observed between the strains of each subclade except for B3 subclade strains, which
killed mice significantly faster than those of B4 subclade (P = 0.02). Among the clade C
strains (Fig. 6B), the CO subclade strains were significantly more virulent than those of
the C1 subclade (P =5e—09) and C2 subclade (P = 6e—05), while there was no
significant difference between those of the C1 and C2 subclades.

Considering the described association between virulence assessed in mouse sepsis
models and the number of genes encoding ExPEC virulence factors (VFs) (24, 25), we
analyzed the distribution of the EXPEC VF-encoding genes in the 39 strains. The average
number of VF-encoding genes was higher in clade B strains (16.2 * 2.4) than in clade
C strains (13.3 = 1.3) (P = 4e—07) (Table 5). The hlyF, cdtB, iroN, kpsMll, cvaC, iss, and
ibeA genes were significantly more frequent among clade B strains than among clade
C strains, whereas the opposite was found for the sat gene (Table 5). Within clade B,
there was no significant difference between the mean number of VF genes of the

TABLE 4 Yeast agglutination test applied to B1 subclade strain S250 (MT Divergent) and its mutants, B4 subclade strain CES131
(Recombinant) and its mutant, and C1 subclade strain CES164 (Emergent)

Yeast agglutination test result®

Shaking growth

b
Early test Static growth, standard

Strain At2h At 5h Standard test at 24 h test at 24 h
5250 ++++ ++++ i e ++++
S250 AfimB::kan — — - —

$250 AfimB::FRT/pSC-AS250 fimB ++++ F ik +++
$250 AfimB:: FRT/pSC-A - - - -

S250 AibeA:kan ++++ ++++ +++ Sl
S250 AfimB:FRT AibeA:kan - = = =

$250 AibeART:kan +4+4++ ++++ +4++ +4+++
S250 AfimB:FRT AibeART::kan - - - -
CES131C - ¥ » S
CES131C AfimB::kan — - - el
CES131C AfimB:FRT/pSC-ACES131C fimB + 4 4+ FH+ gt
CES131C AfimB:FRT/pSC-A - - - i
CES164C - — - 4+
Positive control (E. coli UTI89) +++ +++ +++ ++4

Negative control (E. coli UBA83972) - — — -

9The yeast agglutination test was positive when agglutination appeared within 3 min. +++ +, fast appearance of agglutination with thick aggregations; +++, fast
appearance of agglutination with fine aggregations; ++, slow appearance of agglutination with thick aggregations; +, slow appearance of agglutination with fine
aggregations; —, no agglutination.

bThe early test was always negative under static growth conditions (data not shown).

December 2020 Volume 88 Issue 12 e00576-20 iai.asm.org 9

249



Infection des plaies chroniques & Biofilms

Duprilot et al. Infection and Immunity

TABLE 5 Main virulence factor-encoding genes in the 39 025b:H4 ST131 Escherichia coli
strains, by clade

No. (%) of strains

Total Clade B Clade C P value“ for clade
Gene (n = 39) (n=19) (n = 20) B vs clade C
Adhesin
yfcV 39 (100) 19 20
fimH 39 (100) 19 20
papAH 2 (5 2 0
papC 2 (5) 2
papEF 3(8) 2 1
sfa and foc 1(3) 0 1
afa and dra 8 (21) 6 2
Toxin
hlyA 0 0 0
hlyF 10 (26) 10 0 0.0002
cnfl 0 0 0
cdtB 7 (18) 7 0 0.003
sat 25 (64) 7 18 0.0008
vat 0 0 0
tsh 1) 1 0
Iron uptake
iroN 10 (26) 10 0 0.0002
fyuA 39 (100) 19 20
iutA 32 (82) 14 19
iucD 32 (82) 14 19
irp2 39 (100) 19 20
chuA 39 (100) 19 20
Capsule
kpsMmill 33 (85) 19 14 0.02
kpsMmill 0 0 0
K1 3 (8) 3 0
K2 0 0 0
K5 30 (77) 16 14
Miscellaneous
iss type 1 11 (28) W] 0 0.00005
traT 36 (92) 17 19
cvaC 5(13) 5 0 0.02
ibeA 17 (44) 17 0 3X10°°
usp 39 (100) 19 20
ompT 39 (100) 19 20
malX 39 (100) 19 20
Mean * SD VF® 149 £25 16.6 = 2.4 133+ 13 0.000004

9P values (shown when they were <0.05) were obtained by Fisher's exact test for the gene distribution
comparison between clades and by the Wilcoxon rank-sum test for the VF mean comparison.
bVF, virulence factor-encoding gene.

strains of the different B subclades, except for those belonging to the B3 subclade,
which displayed a higher mean number of VF genes than those belonging to the B4
subclade (P < 0.05) (data not shown). Within clade C, there was no significant difference
either between the C1 and C2 subclade strains or between those of the CO and C2
subclades, but there was a significant difference between those of CO and C1 subclades,
with the CO subclade strains having a higher mean number of VF genes (P = 0.03) (data
not shown). Among the four main VF-based virotypes (virotypes A, B, C and D)
previously described for O25b:H4 ST131 (26), we found that virotypes D and C were
significantly associated with clade B and clade C strains, respectively (P < 0.00001), and
that two B4 subclade strains (including Recombinant), one C1 subclade strain, and
three C2 subclade strains displayed previously undescribed virotypes (Table 1).

In sum, clade B strains displayed a higher in vivo virulence than clade C strains in a
mouse sepsis model in relation to a greater number of VFs.
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FIG 5 Kaplan-Meier survival curves of mice with sepsis due to the 39 025b:H4 ST131 Escherichia coli strains studied, by clade. Clade B and C strains and controls
(positive control, strain CFT073; negative control, strain K-12 MG1655) are represented by different colored lines. Clade B strains (210 mice) killed mice
significantly faster than clade C strains (230 mice) (P = 2e—10).

Selection of strains for further in vivo experiments. To go deeper into the
differences observed in the in vitro and in vivo virulence phenotypes between clades B
and C, we selected three strains that allowed us to test (i) gene inactivation and (ii)
other relevant in vivo mouse model complex phenotypes. Thus, within clade B, we
selected strain 5250, belonging to the B1 subclade, whose fitness had already been
assessed in Caenorhabditis elegans and zebrafish models (27) and in vitro (28) and which
corresponded, in our collection, to one of the two most anciently diverged strains. We
called this strain “MT Divergent,” where MT stands for “the most.” Among the C1 and
C2 subclade strains that did not show significant differences with regard to early biofilm
formation, the mean number of VF genes, and mouse lethality, we selected C1 subclade
strain CES164C, which we called “Emergent.” We also retained Recombinant. Table 6
presents the major characteristics displayed by these three strains. To assess in vivo the
potential role of the fimB gene and the ibeART operon, we retained the AfimB:kan,
AibeART::kan, and AfimB::FLP recombination target (FRT) AibeART::kan mutants of MT
Divergent and the AfimB::kan mutant of Recombinant.

Competition assays in mouse models of sepsis, intestinal colonization, and
urinary tract infection (UTI). Before performing competition assays between MT
Divergent, Emergent, and Recombinant and between parental strains and mutants in
the mouse sepsis model, we checked their virulence phenotype in this model in a
monoinfection (Fig. S3). MT Divergent killed mice faster than Emergent (P = 0.04) but
not than Recombinant (P = 0.8), whereas Recombinant and Emergent did not kill mice
differently (P = 0.06) (Fig. S3A). There was no significant difference either between MT
Divergent and its AfimB:kan, AibeART::kan, and AfimB:FRT AibeART:kan mutants or
between Recombinant and its AfimB::kan mutant (Fig. S3B).

In competition assays performed in the mouse sepsis model, MT Divergent outcom-
peted both Recombinant (P = 0.002) and Emergent (P = 0.002) and Recombinant
outcompeted Emergent (P = 0.002) (Fig. 7). MT Divergent did not outcompete its AfimB::
kan mutant, whereas Recombinant outcompeted its AfimB:kan mutant (P = 0.004) (Fig. 7).
Inversely, MT Divergent outcompeted its AibeART:kan (P = 0.01) and AfimB:FRT AibeART:
kan (P = 0.002) mutants (Fig. 7). Neither the kanamycin resistance cassette AfimB (P = 0.3)
nor the kanamycin resistance cassette AibeART (P = 0.06) had a cost to in vivo virulence in
this mouse model (Fig. 7).

Competitions between the three strains as well as between the parental strains and
their mutants were also performed in a mouse intestinal colonization model because
intestinal colonization is the first step of infection and extraintestinal virulence is a
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FIG 6 Kaplan-Meier survival curves of mice with sepsis due to the 39 025b:H4 ST131 Escherichia coli strains studied, by subclade. B subclade strains (A), C
subclade strains (B), and controls (positive control, strain CFT073; negative control, strain K-12 MG1655) are represented by different colored lines. No significant
difference was observed between B1 subclade strains (30 mice) and those of the B3 subclade (30 mice), B4 subclade (80 mice), and B5 subclade (70 mice),
whereas B3 subclade strains killed mice significantly faster than those of the B4 subclade (P = 0.02). Among the clade C strains, CO subclade strains (30 mice)
killed mice significantly faster than those of the C1 subclade (140 mice) (P = 5e—09) and C2 subclade (60 mice) (P = 6e —05), while there was no significant

difference between the C1 and C2 subclade strains.

coincidental by-product of commensalism in B2 phylogenetic group E. coli strains (29).
Given that this model requires competitive strains with an equal level of susceptibility
to streptomycin and that both MT Divergent and Emergent were susceptible to
streptomycin, we used a kanamycin resistance cassette to inactivate the plasmid-
mediated aadA2 gene, encoding streptomycin resistance, in Recombinant. This cassette
showed no fitness cost through a competition assay between Recombinant and
Recombinant AaadA2::kan under planktonic conditions in LB (data not shown). In this
mouse model, we found that MT Divergent outcompeted Emergent (P = 0.02) at day 4
and day 7, whereas there was no significant difference at any time point between MT
Divergent and Recombinant or between Recombinant and Emergent (Fig. 8). There was
also no significant difference between the mutants and their parental strains, i.e., the
AfimB:kan, AibeART::kan, and AfimB:FRT AibeART:kan mutants for MT Divergent and
the AfimB::kan mutant for Recombinant (Fig. 8).

Finally, we put MT Divergent, Recombinant, and Emergent in competition in the
mouse UTI model, knowing that clade C strains have frequently been identified among
uropathogenic E. coli (UPEC) strains (7). We found that MT Divergent outcompeted
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FIG 7 Competitions between MT Divergent, Recombinant, and Emergent and between MT Divergent and its
mutants and Recombinant and its mutant in the mouse sepsis model. Competitions were determined by the spleen
bacterial load. The competitive index (Cl) is expressed in log. A Cl above 0 means that the isolate cited first in the
legend outcompetes the one cited second, and a Cl below 0 means that the isolate cited second outcompetes the
one cited first. Each dot represents one mouse, and different colors were attributed to the different competitions.
Black diamonds depict the mean values of Cl. MT Divergent outcompeted Emergent (P = 0.002) and Recombinant
(P =0.002), and Recombinant outcompeted Emergent (P = 0.002). Before performing competitions between the
parental strains and their mutant(s), we checked that the kanamycin resistance cassette introduced in the targeted
gene did not have any cost: kanamycin resistance cassette AfimB (competition between MT Divergent AfimB:FRT
versus MT Divergent AfimB:kan and Recombinant AfimB:FRT versus Recombinant AfimB::kan, P = 0.2) and kana-
mycin resistance cassette AibeART (competition between MT Divergent AibeART::FRT versus MT Divergent AibeART::
kan: and MT Divergent Afim:FRT AibeART:FRT versus MT Divergent AfimB:FRT AibeART:kan, P = 0.062). *, signif-
icant difference generated by the Wilcoxon signed-rank test. MT Divergent did not outcompete MT Divergent
AfimB:kan (P = 0.3), whereas Recombinant outcompeted Recombinant AfimB:kan (P = 0.004). MT Divergent
outcompeted both MT Divergent AibeART::kan (P = 0.001) and MT Divergent AfimB:FRT AibeART:kan (P = 0.002).

Emergent in the bladder (P = 0.004) and the kidneys (P = 0.004) and that Recombinant
outcompeted Emergent in the bladder (P = 0.008) but not in the kidneys (P = 0.13),
whereas there was no significant difference between MT Divergent and Recombinant
either in the bladder (P = 0.08) or in the kidneys (P = 0.05) (Fig. 9). In sum, MT Divergent
outcompeted Emergent regardless of the mouse model used.

DISCUSSION

To find out the factors other than multidrug resistance that could have favored the
dissemination of E. coli 025b:H4 ST131 clade C, we used an original approach based on
phenotypic comparisons of clade B and clade C strains. To this end, we established an
025b:H4 ST131 collection composed of clade B (n = 19) and clade C (n = 20) strains
belonging to the various B and C subclades. However, in this collection, we found a B4
subclade strain with a imH30 allele (called “Recombinant”), a peculiar feature previ-
ously found in another B4 subclade strain (5). Here, we clarified that Recombinant
shared with clade C not only the same fim operon (however, it lacked the ISEc55
sequence always found in the clade C fimB gene) but also a deletion of the gimA locus,
including the ibeART operon. This suggests that identical genetic events had occurred
in clades B and C but, apparently, with a lower adaptive success in the genetic
background of clade B than in that of clade C.
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FIG 8 Competitions between MT Divergent, Recombinant, and Emergent and between MT Divergent and its mutants and
Recombinant and its mutant in the mouse gut colonization model. Competitions were determined by the fecal bacterial load.
The competitive index (Cl) is expressed in log. A Cl above 0 means that the isolate cited first in the legend outcompetes the
one cited second, and a Cl below 0 means that the isolate cited second outcompetes the one cited first. Each dot represents
one mouse, with the different colors indicating the time period, as follows: light blue, day 1 postinoculation; dark blue, day
4 postinoculation; green, day 7 postinoculation. Black diamonds depict the mean values of Cl. All mutants harbored the kan
gene of the kanamycin resistance cassette. *, significant difference generated by the Wilcoxon signed-rank test and corrected
for multiple comparisons by the Benjamini-Hochberg procedure. MT Divergent outcompeted Emergent at both day 4
(P=0.01) and day 7 (P = 0.001), whereas the other competitions were not significant (P values, between 1 and 0.09, according
to the two strain types in the competition and the competition day).

In all but one (MGR in LB) phenotypic experiment applied to the 39 strains, we found
that clade B had a significantly higher virulence and competitive ability than clade C,
and the level of these features for Recombinant was intermediate between those of
fimH22-clade B and clade C strains. This indicated that, despite the same ability to grow
under optimal conditions in vitro, the strains behaved differently in more complex
environments more closely related to the normal niches of E. coli ST131.

We confirmed that the early biofilm production phenotype, which is a property
displayed by <10% of ExPEC strains belonging to few E. coli lineages (19), was always
displayed by clade B strains and never by clade C strains (19, 28). By using the MT
Divergent AH22-fimB and Recombinant AH30-fimB mutants, we showed that biofilm
formation and type 1 fimbria expression during the first 5 h of incubation require a
functional imB gene. We also showed that the Recombinant H30-AfimB mutant re-
quired, like Emergent, at least 24 h of growth under static conditions to express type
1 fimbriae, whereas the MT Divergent AH22-fimB mutant was unable to express these
fimbriae at 24 h under both shaking and static conditions. All these findings strongly
suggest that the presence of the ISEc55 sequence in the fimB gene of clade C strains
contributes to their incapacity to form a biofilm early and express type 1 fimbriae
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FIG 9 Competitions between MT Divergent, Recombinant, and Emergent in the mouse urinary tract
infection model. Competitions were determined by the bladder and kidney bacterial loads. Each dot
represents one mouse, with the different colors indicating the organs tested; light blue for urine and dark
blues for the kidneys. The competitive index (Cl) is expressed in log. A Cl above 0 means that the isolate
cited first in the legend outcompetes the one cited second, and a Cl below 0 means that the isolate cited
second outcompetes the one cited first. Black diamonds depict the mean values of Cl. *, significant
difference generated by the Wilcoxon signed-rank test. MT Divergent outcompeted Emergent in the
bladder (P = 0.004) and the kidneys (P = 0.004), whereas it did not outcompete Recombinant either in
the bladder (P = 0.08) or in the kidneys (P = 0.05). Recombinant outcompeted Emergent in the bladder
(P =0.004) but not in the kidneys (P = 0.13).

before 24 h of incubation and that, in addition to the genetic differences between the
two fim operon types, there could be differences in their regulation. Our results for type
1 fimbria expression by Emergent and other clade C strains are concordant with those
found by Totsika et al. with clade C strain EC958 and other O25b:H4 ST131 strains
harboring the ISEc55 sequence in the fimB gene (21). Using a mouse UTl model, these
authors showed that strain EC958 colonized the bladder when type 1 fimbria expres-
sion was strong and persisted in urine when it was weak (21). On the other hand,
Gunther et al., also through competition assays in a mouse UTI model between a
wild-type CFTO073 strain and mutants expressing their type 1 fimbriae only weakly or
strongly, concluded that type 1 fimbria phase variation contributes significantly to
virulence early (24 h postinoculation) in the 76-h course of the mouse UTI and
profoundly influences colonization of the bladder (30). Our competition assays, per-
formed in the same mouse UTI model as that used in the cited studies, showed that MT
Divergent outcompeted Emergent in the bladder and the kidneys. These in vivo results,
combined with those that we obtained in vitro, strongly suggest that the early
expression of type 1 fimbriae allows clade B to quickly cause bladder colonization and
pyelonephritis, while clade C requires more time to have a functional temporal on/off
regulation of type 1 fimbria expression in a link to bladder colonization and urine
persistence, respectively, as described for multiple UPEC strains by Schwan and Ding
(31). In short, the loss of early expression of type 1 fimbriae by clade C strains makes
them classical phylogroup B2 UPEC strains with, however, a peculiar trait, i.e., antibiotic
and even multiantibiotic resistance (32).

The other major significant phenotypic differences between clade B and clade C
consisted of a higher VF score and faster killing of mice by clade B than by clade C. This
result is in accordance with the results of previous studies that showed the association
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between virulence, as assessed in mouse sepsis models, and the number of VFs (24, 25).
Within clade B, B3 subclade strains had both higher VF scores and a higher in vivo
virulence than B4 subclade strains, whereas within clade C, CO subclade strains had
higher VF scores and a higher in vivo virulence than either C1 or C2 subclade strains, but
this difference was not found between C1 and C2 subclade strains. Making comparisons
between our results and those previously obtained with the same mouse sepsis model
is difficult because the previous studies used only surrogates of clade B and clade C
strains (strains with susceptibility to fluroquinolones, imH30 versus non-fimH30 alleles,
and virotypes) (33-35). Using well-characterized strains, as we did, permitted the
various levels of in vivo virulence between and within the clades and subclades of
025b:H4 ST131 to be deciphered.

We performed a genome-wide association study (GWAS) using Scoary software (36),
which assesses the association between the presence/absence of genes and in vivo
virulence in the mouse sepsis assay, but did not obtained any significant hit over the
17,951 tested genes (data not shown). This failure could have been due to the small
number of strains tested; the limited genetic variability of the strains, all of which
belonged to a single E. coli lineage (37); or an in vivo virulence resulting from VF
cooperation in an additive manner to achieve extraintestinal virulence (25). However,
targeted-gene analyses performed in competition assays in the mouse sepsis model
showed that the H30-imB gene was associated with the in vivo virulence of Recombi-
nant and the ibeART operon was associated with that of MT Divergent. These results,
together with those showing that MT Divergent outcompeted both Recombinant and
Emergent and that Recombinant outcompeted Emergent in the mouse sepsis model,
strongly suggest that the absence of the ibeART operon in Recombinant and clade C
and the nonfunctionality of the H30-fimB gene in clade C may have contributed to the
gradually lower levels of in vivo virulence displayed by Recombinant and Emergent in
the mouse sepsis model.

As competition assays provide more evidence than assays with single strains of the
difference in fitness of only a few percentage points, indicating stronger differences, we
used only competition assays to study more thoroughly three representative strains
(i.e., MT Divergent, Recombinant, and Emergent) in a mouse model of sepsis, gut
colonization, and UTI. In all competition assays, Emergent was outcompeted by MT
Divergent regardless of the mouse ecological niches, whereas it was outcompeted by
Recombinant, depending on the niches: it was outcompeted in the blood and partially
outcompeted in the urinary tract (in the bladder but not in the kidneys) but was not
outcompeted in the gut. Such features may suggest an adaptation to ecological niches
within the ST131 lineage, as assessed by McNally et al. (14).

In conclusion, by measuring several simple and more complex phenotypes, we
highlighted the lower level of virulence of clade C strains than of clade B strains, what
had previously been suggested in the zebrafish model (27).

It may appear to be surprising that the clade most disseminated worldwide, i.e.,
ST131 clade C, displays attenuated virulence. We propose two explanations for its
widespread dissemination. First, the resistance to fluoroquinolones displayed by clade
C may come at a direct cost (38). This cost would not be revealed in the MGR under
planktonic conditions but would manifest in vivo, as suggested here in various mouse
models. In spite of this cost, antibiotic resistance allowed clade C to spread. Second, the
lower virulence may actually confer an additional evolutionary advantage to clade C.
According to the trade-off theory (39), host exploitation by a pathogen evolves to an
optimal level under a balance between the benefits in terms of transmission and the
costs in terms of host mortality (40). Thus, lower virulence could confer improved
fitness overall by avoiding severe infections (41, 42), even if it comes at the cost of a
lower colonization ability.

Whether the phenotypic clade B and clade C differences represent a cost, in spite of
which clade C is successful, or an additional adaptation remains an open question that
requires further work, especially as the in vivo behavior of fluoroquinolone-susceptible
Recombinant favors the additional adaptation hypothesis.
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MATERIALS AND METHODS

More technical details for each section of Materials and Methods are available in Text S1 in the
supplemental material.

Bacterial strains. The 39 025b:H4 ST131 E. coli strains studied comprised 18 fimH22 and 21 fimH30
strains obtained between 1993 and 2012 from different geographic origins and sources (Table S1). The
E. coli CFT073 and E. coli K-12 MG1655 strains were used as positive and negative controls, respectively,
in the mouse sepsis model, and the E. coli UTI89 and E. coli UBA83972 strains were used as positive and
negative controls, respectively, in the yeast agglutination assays.

Genome sequencing and analysis. Whole-genome sequencing (WGS) of the 39 studied strains was
performed (Table S2). All genomes were analyzed for plasmid content and typing (with the Plasmid
Finder tool, which showed an identity of >95%, and plasmid multilocus sequence typing [pMLST] [43]).
The Abricate tool (44) was used to detect (i) genes encoding antibiotic resistance with the ResFinder
program (45) and (ii) genes encoding VF with a custom virulence database composed of VirulenceFinder
(46), the virulence factor database (VFDB) (47), and the classical EXPEC VF-encoding genes (19). Virotypes
were determined as previously described (26). All contigs were submitted to the MicroScope platform
(48) for further gene investigations, such as the investigation of the gyrA and parC genes. When
necessary, the presence or absence of some genes was controlled by PCR.

To assess the different B and C subclades among the 39 collected strains as well as among the 218
bacteremia 025b ST131 E. coli strains collected by Kallonen et al. in England between 2001 and 2012 (9),
we complemented the genomes of these 257 strains with those of 21 strains representing the genetic
diversity of the B and C subclades (5) and constructed a phylogenetic tree from nonrecombinant SNPs
of the core genome genes using the maximum likelihood method. To infer the linear trend of the isolates
of Kallonen et al. (9) from 2001 to 2012, we fitted a logistic model to the presence/absence of each
subclade as a function of time (in years).

Gene deletion and complementation. Replacement by a kanamycin resistance cassette was used
to inactivate genes following a strategy adapted from that of Datsenko and Wanner (49). When
necessary, the kanamycin resistance-encoding gene of the cassette was eliminated, as previously
described (49). AimB::FRT and AibeA:FRT mutants were complemented with the parental wild-type gene
cloned into pSC-A-amp/kan by using a StrataClone PCR cloning kit (Agilent Technologies, Massy, France).
The primers and plasmids used are listed in Tables S3 and S4.

Kinetics of early biofilm formation. The primary step (5 h of incubation) of biofilm formation was
measured using the BioFilm ring test (BioFilm Control, Saint-Beauzire, France) according to the manu-
facturer's recommendations and as previously described (19, 28). The BFI, which had values ranging from
20 (the absence of biofilm formation) to 0 (high level of biofilm formation), is inversely proportional to
the biofilm formation ability. A BFI value of 10 was chosen as the biofilm production cutoff (a BFI of =10
indicates biofilm formation, a BFI of >10 indicates no biofilm formation).

Expression of type 1 fimbriae. Expression of type 1 fimbriae was assessed by using the yeast
(Saccharomyces cerevisiae) cell agglutination assay, as previously described (21), and, after adaptations to
highlight the early expression of type 1 fimbriae, by using 10 ul of a pellet obtained after centrifugation
(3,000 X g, 10 min) of 3 ml of LB culture after 2- and 5-h incubations. This test was positive when
aggregations appeared within 3 min.

Curli expression and cellulose production. Congo red assays were used to assess curli fimbria
expression and cellulose production, as previously described (50). Assay positivity resulted in the red, dry,
and rough (rdar) colony morphotype.

Colicin and/or phage production. Colicin and/or phage production in the strains tested was
detected as previously described (51) in competition assays.

Maximum growth rate. The maximum growth rate (MGR) assay was performed as previously
described (52) in LB by using an automatic spectrophotometer (Tecan Infinite F200 Pro) that measures
the optical density at 600 nm in each well every 5min over a period of 24 h. The experiment was
repeated three times. Growth curves were then analyzed, and the MGR was calculated and expressed in
hours—1.

Mouse models. (i) Monoinfection assay in the sepsis model. The individual ability of the 39 strains
and mutants to cause mouse sepsis was assessed as previously described (53). From 10 to 20 mice were
used for each assay. Kaplan-Meier curves of mouse survival were performed.

(ii) Competition assays in sepsis, intestinal colonization, and UTI models. In competition assays,
the relative ability of the two strains tested together (i) to cause sepsis was determined from the spleen
bacterial load (53), (ii) their relative ability to colonize the intestine mouse was determined from the fecal
bacterial load at days 1, 4, and 7 postinoculation (52), and (iii) their relative ability to cause an ascending
unobstructed UTl was determined from the bladder and kidney bacterial load (54). From 5 to 10 mice
were used for each competition assay. Competitive indexes (Cl) were obtained using the following
formula: [(log number of CFU of isolate1/log number of CFU of isolate2) at T,}/[(log number of CFU of
isolate1/log number of CFU of isolate2) at T,), with isolatel being the first strain cited in the figure
legends, isolate2 being the second one cited in the figure legends, T, being time x, and T, being time
zero.

Statistical analysis. The Wilcoxon rank-sum test was used to compare the average number of
VF-encoding genes per clade, and Fisher's exact test was used to test the distribution of each VF-
encoding gene between the clades. The individual fitness measurement was estimated by used of a
mixed model with the random effect on the strain to take into account the triplicate determination. For
biofilm data, a two-way repeated-measures analysis of variance, followed by Tukey's range test, when
there were three groups, was performed. The association between groups (biofilm phenotypes, yeast
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agglutination test, Congo red assay, and virotype assay) was assessed by Fisher's exact test. For in vivo
competitions, a nonparametric Wilcoxon test on paired data was conducted on Cl values, and P values
were corrected for multiple comparisons by the Benjamini-Hochberg procedure (55), when necessary.
Mouse survival differences were determined by the log-rank test. A significance level of <0.05 was used
for all tests. All statistical analyses were carried out with R software (56).
Ethics statement. Murine protocols of sepsis, intestinal colonization, and pyelonephritis (proto-
col numbers APAFIS#4948- and APAFIS#4951-2016020515004032 v2, 2016021216251548 v4, and
APAFIS#4950-2016021211417682 v4, respectively) were approved by the French Ministry of Research
and by the Ethical Committee for Animal Experiments, CEEA-121, Comité d'éthique Paris-Nord.

Data availability. The raw sequences of the 39 isolates were deposited in GenBank under BioProject
accession numbers PRINA320043 and PRINA566165.
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Abstract: Staphylococcus aureus is a clinically important pathogen that causes a wide range of human
infections, from minor skin infections to severe tissue infection and sepsis. S. aureus has a high
level of antibiotic resistance and is a common cause of infections in hospitals and the community.
The rising prevalence of community-acquired methicillin-resistant S. aureus (CA-MRSA), combined
with the important severity of S. aureus infections in general, has resulted in the frequent use of
anti-staphylococcal antibiotics, leading to increasing resistance rates. Antibiotic-resistant S. aureus
continues to be a major health concern, necessitating the development of novel therapeutic strategies.
S. aureus uses a wide range of virulence factors, such as toxins, to develop an infection in the host.
Recently, anti-virulence treatments that directly or indirectly neutralize S. aureus toxins have showed
promise. In this review, we provide an update on toxin pathogenic characteristics, as well as anti-toxin
therapeutical strategies.

Keywords: Staphylococcus aureus; pathogenicity; toxins; anti-toxin strategies; virulence

Key Contribution: This review described the main toxins produced by Staphylococcus aureus and
discussed anti-toxin strategies to fight these bacteria.

1. Introduction

Staphylococcus aureus continues to be one of the most involved bacteria in human
diseases. This bacteria is found in the normal skin microbiota of both animals and humans,
with a carriage rate between 20 and 30% in the healthy human population [1,2]. Abscesses,
lung infections, bacteremia, endocarditis, and osteomyelitis are all caused by S. aureus
infections in humans [3]. With the appearance of methicillin-resistant S. aureus (MRSA)
strains, the pathogenicity of S. aureus has become a problem in both health institutions and
community settings. MRSA is on the rise since its discovery in the early 1960s, although
there has been some stabilization or decline in European countries [4]. However, MRSA
remains an important opportunistic pathogen in Europe and the most frequently identified
worldwide [5]. MRSA is prevalent in several hospitals, especially those in Europe, Asia,
and the United States. The prevalence of CA-MRSA strains from community-acquired (CA)
infections among previously healthy individuals with few or no traditional healthcare-
associated (HA) risk factors for MRSA increased in the late 1990s.
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S. aureus infections rely on the production of surface proteins that initiate bacterial
adherence to host tissues, the secretion of extracellular toxins and enzymes that destroy host
cells and tissues, the avoidance or inactivation of the host immune system, and the growth and
expansion of bacteria in host cells and tissue [6]. Coagulase, hyaluronidase, deoxyribonuclease,
and lipase are some of the enzymes that S. aureus can synthesize to enhance its pathogenicity
and disseminate within the host [7]. Moreover, enterotoxins, toxic shock syndrome toxin 1
(TSST-1), exfoliative toxins (ETs), hemolysins, epidermal cell differentiation inhibitors (EDIN’s),
and Panton-Valentine leukocidin (PVL) have all been identified as extracellular protein toxins
that enhance pathogenicity [8]. Interestingly, some of these toxins were detected in MRSA
infections more frequently than non-MRSA cases [9-11].

Hospitalizations related to staphylococcal infections are frequent, increasing mortality
and health costs [12,13]. Moreover, S. aureus” capacity to produce antibiotic-neutralizing
enzymes has exacerbated the issues associated with antimicrobial therapy, resulting in nu-
merous resistances to these drugs [14]. Antibiotic resistance enzymes play a significant
role in bacterial resistance to antibiotic pressure regarding diversity, evolution, and spread.
Antibiotic-producing bacteria need strategies to counteract the chemicals’ deadly effects, by
the production of degradative enzymes [14,15]. However, the selection pressure caused by the
widespread use of antibiotics in humans and animals propagated resistant bacterial clones.

Antibiotic resistance develops quickly in S. aureus, and the rise of multidrug-resistant
forms is a major problem. It has been reported that the annual mortality toll from antibiotic-
resistant diseases has surpassed 10 million and that by 2050, it will outnumber cancer
deaths [16]. The morbidity and mortality consequences reinforce the need to urgently
discover new effective solutions due to the inefficiency of traditional antibiotics. Therefore,
alternative treatments represent a promising field of investigation due to the lack of new
antibiotic classes. Different strategies have been conducted, notably based on drug design
with synthetic analogs, that could inhibit virulence factors. However, these studies have not
yet generated promising results due to toxicity and/or low bioavailability. New options
are now under study with a focus on biological molecules or compounds to interfere
with toxins or toxin-regulator genes, constituting a new generation of promising anti-
staphylococcal treatments [17-21].

This review outlines key properties related to the pathogenic roles of numerous
S. aureus toxins (Table 1), as well as up to date anti-toxin treatments (Table 2).

2. Toxins Involved in the Pathogenicity of S. aureus
2.1. Staphylococcal Pore-Forming Toxins (PFT5)

PFTs are a type of bacterial virulence factor found in a wide range of human diseases,
including S. aureus, which uses a variety of pore-forming cytotoxins (i.e., hemolysins,
leukotoxins, and phenol-soluble modulins) to create pores in the host cell membrane
causing cell lysis or to disrupt host cell actin cytoskeleton creating breaches in endothelial
cells (EDIN exotoxin).

2.1.1. Hemolysins

S. aureus encodes -, 3-, y-, and d-hemolysins, which are regulated by the acces-
sory gene regulator (Agr) and, principally, lyse erythrocytes by creating pores in host cell
membranes or dissolving cell wall components [22]. The best-studied virulence factor of
S. aureus is a-hemolysin, encoded by the hla gene, causing damage to a large variety of host
cells, such as epithelial cells, endothelial cells, erythrocytes, monocytes, and keratinocytes,
as well as causing cell membrane damage and apoptosis [22]. It is the prototype for the
small -barrel class pore-forming cytotoxins that is secreted as a 33 kDa water-soluble
monomer that forms a prepore by assembling into one homoheptamer. Then, this pre-
pore matures as a (3-barrel transmembrane aqueous channel [23]. Finally, the binding of
o-hemolysin to its host receptor ADAM10 stimulates ADAM10’s metalloprotease activity,
allowing it to cleave endothelial cadherin, compromising endothelial barrier function [24].
Cellular reactions, including the release of potent lipid mediators originating from the
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arachidonate cascade, are then activated by the transport of ions such as Ca?* through the
pore, resulting in the target cells apoptosis [25].

The large majority of S. aureus strains (95%) possess the hla gene, irrespective of their
resistance to methicillin, without showing a specific repartition in S. aureus clones nor a
higher prevalence in certain regions of the world [26]. The role of the a-hemolysin toxin in
the development of severe infections, such as pneumonia, osteomyelitis, and bacteremia,
has been established in studies employing different experimental models infected with the
S. aureus USA300 strain [27,28]. Interestingly, even though most recent S. aureus strains
encode hla, data suggest that greater hla expression promotes pathogenicity. For instance,
in a rat model of pneumonia, the epidemic strain USA300, which supplanted USA400
to become the dominant community-acquired methicillin-resistant S. aureus (CA MRSA)
strain in the United States during the early 2000s, was reported to be significantly more
virulent and fatal than USA400 and was strongly correlated with a substantial increase in
hla expression [27,29].

Therefore, based on its crucial role in virulence, the a-hemolysin toxin is an ideal
target for the development of anti-toxin treatments against S. aureus.

2.1.2. Panton-Valentine Leukocidin (PVL)

Leukotoxins target white blood cells, such as neutrophils, monocytes, or macrophages [30].
Panton-Valentine leukocidin (PVL), LukDE, and LukAB (sometimes known as LukGH)
are all members of the bi-component Luk toxin family, with PVL presenting a 100-fold
higher leukocytotic activity than the others. This Luk toxin family includes 32-35 kDa
leukotoxins, which are encoded on the core genome or phage and oligomerize to form
a pore structure [31]. Leukotoxins” leukocytotic activity is based on receptor interaction.
CCR5 on immune cells is the receptor for LukDE, whereas C5aR, C51.2, and CD11b are the
receptors for PVL and LukAB [32-34]. PVL is a toxin that is made of two parts: LukS-PV
and LukF-PV. These two components are excreted before assembling into a pore-forming
heptamer on neutrophil membranes, resulting in their lysis [35].

PVLis primarily linked to skin and soft tissue disease, with other types of invasive dis-
ease, such as pneumonia, musculoskeletal disease, and bacteremia, being far less common.
Infection with a PVL-positive strain does not appear to predict a poor clinical outcome for
staphylococcal pneumonia, musculoskeletal disease, or bacteremia in adults, but patients
with PVL-positive skin and soft tissue disease seem to be more likely to require surgical
intervention [36]. PVL is linked to skin and soft tissue infections in both MRSA and MSSA
strains, irrespective of the strain type [36-38].

Therefore, new treatments are required because the likelihood of infection with
PVL-positive S. aureus strains is rising, and some of these strains are MRSA that already
have limited treatment options.

2.1.3. Phenol-Soluble Modulins (PSMs)

PSMs are one of the most important and aggressive virulence factors in S. aureus
involved in a variety of staphylococcal pathogenesis, such as red and white blood cell lysis,
inflammatory response induction, and antimicrobial activities [39-41]. Moreover, while
PSMs are reported to be the most cytolytic and immunological modulating factors, they
all play a function in epithelial surface spreading and have also been associated with the
structuring and detachment of biofilms [42,43]. S. aureus produces a variety of PSMs, each
with unique cytolytic and antibacterial characteristics [41]. These toxins are a class of small
peptides with an amphipathic a-helical structure and surfactant-like characteristics [41].
PSMs are categorized into two subfamilies: (i) PSMa peptides that are 20-26 amino acids
long and contain PSM«1-PSMa4 and the 8-toxin and (ii) PSMp peptides that are 4344
amino acids in length and contain PSMB1 and PSMf2 [39]. The PSM« and 3 peptides
are encoded in the psma and psm 3 operon, while the d-toxin gene is within the sequence
of RNAII, the effector molecule of the Agr (accessory gene regulator) quorum-sensing
pathway [44,45]. PSMs attach to the formyl peptide receptor 2 (FPR2), which attracts innate
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immune cells, such as neutrophils, macrophages, and dendritic cells [46,47]. As a result,
holes formed in the host cell membrane cause osmotic instability and cell lysis. PSM«
peptides have shown their great capacity to lyse human leukocytes and erythrocytes, with
PSMa3 having the most important activity. The d-toxin, on the other hand, has a mild
cytolytic activity, while the PSMf peptides are non-cytolytic [40].

PSMs are mainly present in highly virulent S. aureus, notably CA-MRSA. In vitro,
these strains show a greater expression of PSMs, particularly cytolytic PSMa peptides, than
that of hospital-acquired MRSA (HA-MRSA) strains [48]. In animal infection models, the
PSM« peptides generated by the CA-MRSA USA300 and USA400 have a significant impact
on the ability of virulent S. aureus to generate cutaneous infection and bacteremia [49-51].

Therefore, targeting PSMs for anti-staphylococcal treatment and drug development
would be beneficial since eliminating all PSMs’ cytolytic and pro-inflammatory activities
would lower their potency against host cells and possibly their overall contribution to S.
aureus disease progression.

2.1.4. Epidermal Cell Differentiation Inhibitor (EDIN) Exotoxins

To date, three forms of EDIN toxins have been identified: EDIN-A, EDIN-B, and
EDIN-C [52,53]. EDINs enter host cells and induce macroapertures, which are large and
temporary transcellular tunnels within endothelial cells, thus compromising the integrity
of the endothelium barrier, and then target and inhibit the small host protein RhoA [54,55].
This small GTPase is a critical regulator of the actin cytoskeleton in the host cell [56]. The
inhibition of RhoA has been shown in several cell biology studies to have a negative
effect on the cohesiveness of the epithelial and endothelium barrier, thus favoring bacterial
spread [54,57]. In addition, RhoA inhibition suppresses complement-mediated phagocyto-
sis [58]. Overall, a significant number of research exploring the effects of RhoA inhibition
indicate that EDINSs secreted factors play an important role in S. aureus colonization and
bacterial host tissue invasion [59,60].

Numerous pathogenic strains of S. aureus, especially those from the European MRSA
lineage (ST80-MRSA-1V) [53], express EDIN or EDIN-like exotoxins [61-63]. The prevalence
of these genes in S. aureus is poorly described. Though, in diabetic foot ulcers, S. aureus
isolates were positive for edin (A and B) genes in 14 (7.2%) out of 195 patients [53]. A
prevalence of 14 % of EDIN-encoding genes (primarily edinC) was found in 256 S. aureus
isolates from diverse clinical sites of infection in Nice (France) [64]. Interestingly, the
association between PVL and EDIN among MRSA has been observed with a prevalence
varying between 12 and 100% [65].

EDIN exotoxins are thus important virulence factors in promoting bacterial colo-
nization and host tissue invasion, such as in diabetic foot infections, bacteremia, and
pneumonia [53,66,67].

2.2. Exfoliative Toxins (ETs)

Staphylococcal exfoliative toxins (ETs) are responsible for staphylococcal scalded skin
syndrome (SSSS), also known as Ritter’s disease, and characterized by dehydration, the
loss of superficial skin layers, and secondary infections [68]. Large areas of the body are
affected by SSSS, and the lesions are frequently sterile. Bullous impetigo is a skin disease
caused by the same exfoliative toxin that causes SSSS, generated by the same underlying
infection, and most commonly affects the face, hands, trunk, and buttocks. Pustules and
blisters grow near the original site of infection in bullous impetigo but not elsewhere on
the body as in SSSS. Because the blisters and pustules originate so close to the epidermis’
surface, they never grow larger than a few millimeters before perforating and expanding at
the border, where oozing and yellow crusting develop, and the infection might disseminate
to the surrounding skin when patients rub the rash [69]. Therefore, the only difference
between the two disorders is the level of skin damage. Bullous impetigo usually affects
young children and infants, although redness and rashes do not develop as they would in
SSSS because older children and adults possess neutralizing antibodies that inactivate the
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toxin [69]. SSSS also primarily affects newborns and infants, although it can also impact
adults with renal insufficiency or immunological deficiencies [68]

ETA, ETB, ETC, and ETD are the most common ETs, while ETA and ETB have received
most of the attention due to their link to SSSS [68]. ETs are encoded on various genetic ele-
ments, and their expression is controlled by the accessory gene regulator (Agr) [31,70]. ETs
exhibit glutamate-specific serine protease activity and target desmoglein 1 (Dsg1; desmoso-
mal intercellular adhesion molecule), a keratinocyte cell-cell adhesion protein [71]. ETs
bind to Dsgl, destroying desmosomal cell attachments and causing epidermal dissociation
of the human epidermis [72]. The rupture of epidermal layers allows bacteria to penetrate
the skin and induce blistering disorders, such as bullous impetigo and SSSS [73].

The prevalence of ETA in methicillin-resistant (MRSA) and methicillin-susceptible
(MSSA) strains does not differ considerably. According to recent studies, 4% of MSSA
strains possess the eta or eth gene, while about 10% of MRSA strains are eta positive [74,75].
Resistant strains, however, may pose a problem in the future. For instance, in Japan, issues
with treating etb-positive CA-MRSA infections that causes SSSS in healthy persons have
already been described [76,77].

2.3. Superantigens (SAgs)

S. aureus superantigens (SAgs) are the most effective T-cell mitogens. The mechanism
of action of SAgs varies from those of traditional peptide antigens. Antigen-presenting
cells (APCs) ingest and process conventional antigens [78]. T-cells are able to identify an
MHC class II-restricted antigenic peptide exposed on APC surfaces utilizing hypervariable
regions of T-cell receptor (TCR) - and B-chains [78]. However, SAgs can directly link
TCR B-domains by exploiting conserved MHC class II structures displayed on APCs, then
triggering T-cell activation and proliferation without the use of antigen processing [79].
This causes pro-inflammatory cytokines, including IL-2, IFN-y, and TNF-«, to become
overactive and release causing a multitude of side effects and symptoms, including the
possibility of multi-system organ failure that is specific to each superantigen [79].

SAgs include staphylococcal enterotoxins (SEs) that have emetic effects after oral adminis-
tration and the toxic shock syndrome toxin 1 (TSST-1) that does not have emetic properties [80].

2.3.1. Staphylococcal Enterotoxins (SEs)

SEs are 20-30 kDa released toxins that disrupt intestinal activity and induce staphylo-
coccal food poisoning (SFP), which is characterized by nausea, vomiting, abdominal pain,
and diarrhea without indications of toxic effects, such as fever or hypotension [81-83]. Based
on antigenic heterogeneity, more than 20 SEs (SEA—SEIV) have been discovered [81,84,85].
Although the receptors involved in the emetic response to SEs have not been discovered,
clinical signs of SFP have been linked to inflammatory mediators, such as leukotriene B4 and
prostaglandin E2, both of which are produced in response to SEs [86,87]. The stomach and
upper small intestine present the most significant mucosa lesions, which are associated with
neutrophil infiltrates in the epithelium and lamina propria, whereas the jejunum exhibits
broken brush boundaries and enlarged crypts [88].

In some CA-MRSA infections, lethal sepsis, infective endocarditis, and kidney infec-
tions are critically dependent on a high level of staphylococcal enterotoxin C (SEC) [89].
While staphylococcal enterotoxin B (SEB) is associated with food poisoning, it has been
studied for potential utilization as an inhaled biological weapon [88].

2.3.2. Toxic Shock Syndrome Toxin 1 (TSST-1)

Unlike SEs, TSST-1 (22-kD) does not trigger emesis but stimulates the release of sub-
stantial amounts of pro-inflammatory cytokines from the host T-cells and macrophages [90].
This cytokine outburst causes toxic shock syndrome (TSS) symptoms, such as high fever,
rash, desquamation, hypotension, and hypovolemic shock, which can progress to multior-
gan failure [91].
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Given the growing development of MRSA infections associated with TSST-1 expres-
sion, it is therefore becoming more difficult to treat and may ultimately lead to death.

Table 1. Toxins secreted by S. aureus.

Toxin Biological Properties and Function Associated Disease References
Pore-forming activity
. Lysis of erythrocytes, leukocytes, Pneumonia
a-hemolysin epithelial cells, and fibroblasts Sepsis (23,24,92,93]
Pro-inflammatory properties
Pore-forming activity Pneumonia
Patniton-Valenitine Lysis of neutrophils, monocytes, Bacteremia ?
Leukocidin (PVL) macrophages Necrotizing fasciitis [30,31,94]
Pro-inflammatory properties Skin and soft tissue infections
Pore-forming activity
Lysis of erythrocytes, neutrophils,
. monocytes, bacterial protoplasts, Bacteremia
Phenol-Soluble Modulins (PSMs) spheroplasts Skin imfection [40,82,95,96]
Pro-inflammatory properties
Promote biofilm formation
- Pneumonia
Epidermal Cell Differentiation Transcellular tunnel activity Bactareiiia [53,54,66]
Inhibitor (EDIN) Breaches in endothelial cells Diabetic foot ulcer 2%
Serine protease activity ,
. A . Staphylococcal scalded skin
Exfoliative Toxins (ETs) Disruption of the cell-cell adhesions and synlf:lr();me (S589) [68,97]
junctions of the epidermis cells
) Superantigen activity Staphylococcal food poisoning
Staphylococcal Enterotoxins (SEs) Pro-inflammatory activity Toxic shock syndrome [19,81,85]
Toxic Shock Syndrome Toxin 1 Superantigen activity Toxic shock syndrome [82,90,91]

(TSST-1)

= Pro-inflammatory activity

3. Anti-Toxin Treatments

The growth and spread of antibiotic resistance among S. aureus strains emphasize the
imperative need for the development of alternative treatments that do not exert selective
pressure in order to avoid evolution toward multi-resistance, such as that experienced with
antibiotics. Interestingly, toxin-targeting therapy has already been effective against a variety
of pathogenic bacteria, including S. aureus [17]. The therapeutic treatments that neutralize or
interfere with the expression of staphylococcal toxins are detailed in this section.

3.1. Antibodies

Antibodies are one of the most important anti-virulence strategies for neutralizing
toxins. Unlike active immunization, which would necessitate multiple boosters and a
lengthy time to produce optimal immune responses, passive immunization would give
prompt treatment for infected patients, thereby reducing the severity of S. aureus infections.

For instance, attempts to neutralize the a-hemolysin toxin during the course of
human infection are underway and are based on substantial evidence for its participa-
tion in pathogenesis in murine models, as well as its putative importance in human
disease. MEDI4893 (suvratoxumab), an a-hemolysin-neutralizing monoclonal antibody
(mAb) formerly called LC10, is among the best-studied anti-virulence treatments against
S. aureus infections [21]. As described above, x-hemolysin interacts with the metallopro-
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tease ADAM10, which promotes oligomerization and pore formation [98]. By binding to
a highly conserved area of the x-hemolysin toxin, MEDI4893 inhibits its interaction with
ADAM10 as well as it self-oligomerization, thus neutralizing its action [98-100]. The treat-
ment of rabbits with MEDI4893 resulted in a considerable reduction in clinical outcomes,
according to Le et al. [101]. Similarly, Ortines et al. found that S. aureus-infected mice
previously passively immunized with MEDI4893 showed fewer wounds and decreased
bacterial counts than those of untreated controls in non-diabetic and diabetic mice [102].
Surewaard et al. recently revealed that x-hemolysin causes rapid platelet aggregation
and liver injury, resulting in multi-organ failure during S. aureus sepsis, but these conse-
quences could be avoided in mice treated with MEDI4893 [103]. MEDI4893 has passed
Phase 2 clinical studies for the prevention of S. aureus pneumonia in high-risk critical
care unit patients in 2020, and more recently, MEDI4893 showed efficacy and safety in
preventing S. aureus ventilator-associated pneumonia [104,105]. In addition, AR-301 and
ASN100 are two other neutralizing antibodies that have entered clinical trials. AR-301 is
an o-hemolysin-targeting monoclonal antibody that has recently entered Phase 3 tests as
an adjuvant therapy for S. aureus pneumonia [106], and ASN100 is a combination of two
monoclonal antibodies that neutralize six cytolytic toxins corresponding to «-hemolysin,
PVL, LukAB, y-hemolysin AB (HIgAB), y -hemolysin CB (HIgCB), and leukocidin ED
(LukED) [107]. Unfortunately, while ASN100 passed the Phase 1 clinical safety testing
by reducing tissue damage in a rabbit model of S. aureus pneumonia, the Phase 2 trial
was stopped due to inefficiency [107]. Although these trials involving MEDI4893 [108],
AR-301 [106], and the multivalent antitoxin ASN100 [107] were not statistically significant,
passive immunization was found to have some protective potential. For example, AR-30
shortened the time spent on mechanical ventilation, whilst MEDI4893 decreased hospital
and intensive care unit stay, as well as antibiotic treatment duration, while remaining safe
and well tolerated [106-108]. Foletti et al. identified antibodies against c-hemolysin from a
human donor-derived single-chain variable fragment (scFv) phage library [99]. LTM14, a
notable clone in this family, was transformed to a complete IgG and showed an unusually
high affinity for a-hemolysin. LMT14 offered protection against S. aureus cutaneous and bac-
teremia mice models of infection and also demonstrated therapeutic potential in a pneumonia
model [99]. In addition, when combined with the antibiotic linezolid, LTM14 showed im-
proved efficacy. This is essential because, in a therapeutic situation, passive immune treatment
will almost certainly be delivered in conjunction with the most suitable antibiotic [99].

While some studies have found an epidemiological link between PVL and CA-MRSA,
the presence of large levels of neutralizing antibodies did not provide resistance to PVL-
positive MRSA skin and soft tissue infections [109-111]. Despite this, PVL is still one of the
most important targets for anti-toxin drug research. PVL-specific antibodies are present in
available commercial human intravenous polyclonal immunoglobulin preparations (IVIg),
which decrease the cytopathic effects of PVL in a dose-dependent manner, most likely through
interfering with PVL-neutrophil interactions [112]. In 2015, Mairpady Shambat et al. showed
that IVIg abolished PVL and a-hemolysin-mediated cytotoxicity in epithelial cells in a human
lung tissue model [113]. Moreover, antibiotic therapy combined with IVIg anti-toxin treatment
significantly improved the situation of patients with acute necrotizing pneumonia caused
by PVL-positive S. aureus strains, demonstrating the effectiveness of IVIg in limiting disease
progression, particularly in highly lethal S. aureus infections linked to PVL production [114].
Moreover, in vitro humanized antibodies developed by Leventie et al. are able to disrupt PVL
binding to polymorphonuclear leukocytes and impede the development of new pores [115]. A
reduction in inflammatory reactions and tissue damage was also found in this non-infectious
rabbit model of endophthalmitis, with the tetravalent anti-PVL antibody [115].

In various in vivo models, antibodies targeting superantigens were shown to neutral-
ize these toxins and have been linked to protection [116]. The staphylococcal enterotoxin B
(SEB) is one of the most studied enterotoxins, and its designation as a bioweapon makes
it an interesting target to produce anti-toxin-neutralizing antibodies. Drozdowski et al.
generated and selected human monoclonal antibodies (HuMADbs) specific for SEB from
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human B-cell hybridomas [117]. In vitro, these antibodies exhibited biological activity
against SEB, and, HuMAb-154, which had the highest anti-SEB affinity, demonstrated both
preventive and therapeutic action in a mouse model of SEB-induced mortality [117]. In
addition, in numerous mouse models, including sepsis and cutaneous and deep tissue
abscesses, another monoclonal antibody against SEB, named 20B1, was demonstrated to be
protective against MRSA infection [118].

Therefore, all these therapy examples highlight the usefulness of antibodies as anti-
virulence treatments able to neutralize staphylococcal toxins.

3.2. Nanoparticles

Aside from the use of anti-toxin antibodies in anti-virulence therapies, researchers
have also shown the effectiveness of manufactured nanoparticles that imitate cell mem-
branes, such as liposomes, in sequestering bacterial toxins in vitro and in vivo [119]. For
example, Henry et al. demonstrated the ability of artificial liposomes to trap bacterial toxins
in vitro while maintaining the integrity of mammalian cells [120]. They also discovered
that administering artificial liposomes to mice during in vivo studies helped them recover
from septicemia induced by S. aureus, as well as protect them against pneumonia [120].
Because customized liposomes are made entirely of naturally occurring lipids, they are not
bactericidal and could be employed alone or in combination with antibiotics to treat bacte-
rial infections and reduce toxin-induced tissue damage [120]. Interestingly, Wolfmeier et al.
employed sphingomyelin liposomes, with or without cholesterol, to neutralize secreted
PSMs and other virulence factors in vitro during human blood or epithelial cell staphy-
lococcal infections, as well as in a murine dermonecrosis model [121]. Sphingomyelin
liposomes blocked cell lysis by PSMs, particularly PSM3, whereas cholesterol-containing
sphingomyelin liposomes preferentially trapped a-hemolysin [121]. A combination of both
liposome types was recently evaluated in a Phase I clinical trial against severe pneumococ-
cal pneumonia, although its utility in S. aureus pneumonia remains unknown. Furthermore,
targeting both PSMs and «-hemolysin at the same time remains a possibility, as PSMs have
been demonstrated to regulate a-hemolysin expression both in vitro and in vivo [23].

Recently, in response to S. aureus infection, exosomes (called “defensosomes”) with
increased ADAM10 receptors were discovered to be produced from host cells in a TLR-
dependent mode, resulting in a-hemolysin retention and a reduction in disease mortal-
ity [122]. Then, therapeutic poly (lactic-co-glycolic acid) (PLGA)-based nanoparticles
covered with natural human erythrocyte membranes performed a comparable decoy effect
to fight infection and reduce the activity of x-hemolysin [123].

Moreover, similar to other anti-virulence strategies, the nanoparticle-based neutral-
ization and administration not only help to avoid severe bacterial infections but can also
participate in reducing the development of antibiotic resistance [124].

3.3. RNAIII-Inhibiting Peptides

In addition to the direct neutralization strategy outlined in the previous sections, tar-
geting S. aureus toxins can be carried out indirectly by affecting the regulatory processes
that govern virulence genes” expression. This approach is based on the utilization of small
molecules, such as peptides, to target global regulators, such as the accessory gene regulator
Agrin S. aureus. Agr regulates the quorum-sensing pathway that controls whether S. aureus
develops a biofilm or remains planktonic, as well as toxin gene synthesis [44,125,126]. The
P3 promoter of the S. aureus quorum-sensing Agr system transcribes RNAIII, a stable
regulatory RNA that regulates the expression of a large variety of virulence factors [127].
Therefore, inhibiting RNAIII represents a promising strategy for reducing toxin expres-
sion as well as other virulence factors. When evaluated in cellulitis in in vivo models,
RNAIII-inhibiting peptides (RIP) were found to block agr RNA transcripts and impede
staphylococcal adhesion to mammalian cells, resulting in a decrease in S. aureus pathogenic-
ity [128-130]. In an MRSA sepsis model, two new RIP derivatives were recently discovered
to substantially extend mouse survival and reduce pathological damage without impacting
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bacterial viability [131]. Interestingly, in an S. aureus-induced sepsis mouse model, and
in association with clinically prescribed antibiotics, RIP increased the healing of wounds
and reduced mortality in comparison to antibiotics alone, thus confirming the potential
of combined therapies [132,133]. Moreover, PSMs have been specifically targeted using a
variety of methods to neutralize their pathogenic effect. In a mouse pneumonia model,
targeting PSMs indirectly by inhibiting the Agr system with an RNAIIl-inhibiting peptide
resulted in a lower bacterial load and mortality [134].

3.4. Antimicrobial Peptides (AMPs)

Antimicrobial peptides (AMPs) have been known for several decades and are part
of the innate immunity of practically all living organisms, ranging from bacteria, insects,
and plants to vertebrates [135]. As of August 2021, the antimicrobial peptide database
(https:/ /aps.unmc.edu/ (accessed on 23 August 2021)) contains 3273 antimicrobial pep-
tides from six kingdoms (369 bacteriocins/peptide antibiotics from bacteria, 5 from archaea,
8 from protists, 22 from fungi, 361 from plants, and 2424 from animals, including some
synthetic peptide records). AMPs have a wide spectrum of antibacterial, antifungal, an-
tiparasitic, and antiviral properties [135]. AMPs not only possess a large spectrum of
antibacterial activity but can also display anti-toxin activities [136,137]. Cathelicidins and
defensins are the two major categories of AMPs in humans. Human defensins are amphi-
pathic cationic peptides that are divided into two types: a- and B -defensins, and, to date,
four a-defensins have been identified from polymorphonuclear neutrophils (PMNs) [138].
Human neutrophil peptides (HNP1-HNP4) are part of the phagolysosome’s microbicidal
machinery that can be detected in the extracellular environment after degranulation [139].
PVL is thought to have a role in CA-MRSA pathogenesis by attracting and lysing PMNs at
the infection site, which induces tissue damage caused by the release of cytotoxic granule
constituents [140]. Interestingly, Cardot-Martin et al. found that HNP3 defensins, but
not HNP-1 or -2, substantially protect neutrophils from PVL-induced lysis by interacting
with LukS-PV and LukF-PV, which disables PVL'’s pore creation function and reduces PVL
cytotoxic effects [141].

3.5. Natural Compounds

Natural product-based compounds that present anti-toxin properties correspond to a
promising therapeutical approach to treat S. aureus infections [18]. A modified cyclodextrin
compound, named IB201, is used to treat pneumonia. Cyclodextrins are cyclic oligosaccha-
rides that are made from starch or starch derivatives. Because of its spatial resemblance to
«-hemolysin, this compound was identified based on the prediction that it would prevent
a-hemolysin action with a high affinity [142]. Moreover, in mice S. aureus pneumonia
models, aloe-emodin, an active component from aloe vera, and apigenin, an active com-
pound from parsley, both exhibited sufficient protection [143,144]. Other compounds, such
as morin hydrate (also known as 2/ 3.4/ ,5,7-pentahydroxyflavone), which is a flavonoid
present in Maclura pomifera (Osage orange), in Maclura tinctoria (old fustic), and in the
leaves of Psidium guajava (common guava), was discovered to disrupt the self-assembly
of the transmembrane pore of a-hemolysin in a mouse model of pneumonia and then to
decrease its hemolytic activity [145].

Oroxin A (ORA), oroxin B (ORB), and oroxylin A 7-O-glucuronide (OLG), three
oroxylin glycosides, are natural flavonoids found in strawberries, grapes, onions, apples,
Bignoniaceae plants, and other vegetables and fruits. These substances possess structural
similarities and bind to hemolysin’s stem domain, preventing it from transitioning from
monomer to oligomer in vitro and inhibiting its hemolytic action [146,147].

Friedman et al. showed that the pure olive chemical 4-hydroxytyrosol and the commer-
cialized olive powder Hidrox-12, containing 6% of 4-hydroxytyrosol and 6% of additional
phenolic compounds, were able to suppress the biological action of the superantigen entero-
toxin A (SEA) [148]. However, this effect still remains to be validated in animal models.
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Solonamide B, a cyclodepsipeptide from the halotolerant bacterium Photobacterium
halotolerans, was one of the first natural inhibitors of the Agr signaling pathway to be
reported [149]. Solonamide B and its derivatives prevent the quorum-sensing peptide
AIP from interacting with AgrC. Interestingly, in CA-MRSA strains, such as USA300,
solonamide B strongly reduced the activity of a-hemolysin and the transcription of psma-
encoding PSMs resulting in an 80% reduction in toxicity of supernatants toward human
neutrophils and rabbit erythrocytes [150-152].

Isorhamnetin, chrysin, and puerarin have been shown to inhibit RNAIII transcription
and, hence, a-hemolysin expression, providing protection against MRSA and MSSA-
induced pneumonia [153-155]. [sorhamnetin (also known as 3’-methoxy-3,4’,5,7- tetrahy-
droxyflavone) is an O-methylated flavanol found in apples, blackberries, cherries, and
pears, as well as in medicinal plants and herbs [155]. Honey, propolis, the passion flow-
ers Passiflora caerulea and Passiflora incarnata, and Oroxylum indicum all contain chrysin
(5, 7-dihydroxyflavone) [156]. Puerarin is the main bioactive compound obtained from the
root plant Pueraria lobata Ohwi, also called Gegen in traditional Chinese medicine [157].

Naringenin, a flavanone found primarily in grapefruit, but also in a range of fruits
and herbs, has been shown to drastically lower the amounts of agrA and hla transcripts
in S. aureus culture as well as to inhibit hemolysin synthesis and protect mice from
S. aureus-induced pneumonia [158,159].

In vitro, Castanea sativa leaf extract 224C-F2 [160] and Schinus terebinthifolia berry
extract 430D-F5 [161] were found to inhibit agr expression, thus resulting in decreased
hemolysin synthesis and hemolytic activity. A pretreatment with 224C-F2 diminished
infection-induced ulcer sizes and substantially lowered morbidity in an in vivo model of
MRSA infection [160]. In addition, pretreatment with a single dose of 430D-F5 massively
reduced skin ulcer formation and mortality in a mouse model of MRSA skin infection [161].

Ambuic acid is a fungal product that targets AgrB activity and has been shown to
prevent hemolysin and RNAIII production in MRSA infections [162]. A single preventive
administration of ambuic acid totally prevented skin ulcer formation in a murine mouse
model [162]. Another fungal product, named omega-hydroxyemodin (OHM) and produced
by Penicillium restrictum, decreases Agr activity by disrupting AgrA binding to its promoter.
Importantly, OHM particularly inhibited the Agr pathway activation in a mouse model of
MRSA cutaneous infection without affecting the host [163,164].

Even though some of the molecular mechanisms of these natural compounds have yet
to be determined, they provide possible novel scaffolds for the development of successful
anti-virulence therapeutics toward S. aureus infection.

3.6. Vaccines

Despite numerous attempts, there is currently no vaccination against S. aureus. As
mentioned in the first section, S. aureus secretes a broad range of toxins during colonization
and infection of the host, which poses a challenge for vaccine development.

There have been several studies to investigate the efficacy of a-hemolysin as a vaccine
agent. Indeed, H35L, a mutant isoform of a-hemolysin, was discovered to have minimal
hemolytic action [165]. In a mouse pneumonia model, this inactivated toxin (toxoid) was
studied in two separate models and found to be efficacious through both active vaccination
and the development of protective rabbit anti a-hemolysin antibodies; despite this fact, no
human trials have been conducted to date [166].

IBT-VO2 is a multivalent vaccine currently under investigation. a-hemolysin, PVL
LukS, LukF, LukAB, enterotoxins A and B, and toxic shock syndrome toxin 1 toxoids are
all included in this heptavalent vaccine [167]. The multi-subunit vaccine generates an
antibody response that is cross-reactive with 12 to 15 S. aureus toxins and gives protection
in different mice and rabbit infection models due to structural similarities [167]. Recently,
IBT-VO2 entered a Phase I clinical study after completing the encouraging pre-clinical
phase, and as a result, received additional funding to help it progress.
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Previous studies in animal models suggested that PVL subunits could be useful
vaccines, but these attempts have yet to be converted into human trials [168,169]. However,
for the creation of the StaphVax vaccine, recombinant PVL subunits were exploited (Nabi
Biopharmaceuticals, Alpharetta, GA), but this vaccine failed in Phase 3 clinical testing [170].
However, some of the vaccine antigens, including PVL, were recycled into a new vaccine
called PentaStaph, which was acquired by GlaxoSmithKline Biologicals (GSK) [171,172].

In mice, an inactive isoform of the staphylococcal enterotoxin B (SEB) was cloned
into an Lactococcus lactis strain and tested as an oral vaccine. The vaccination was able to
generate a significant antibody response, thus resulting in improved survival of infected
mice [173]. Another vaccine against this SEB toxin, named STEBVax, was also generated
and corresponds to a recombinant isoform that impedes the toxin from interacting with the
major histocompatibility complex (MHC) class II [174]. If effective, this vaccine could be
useful as a polyvalent S. aureus vaccine in general.

In another study, the injection of TSST-1-specific antibodies to treat toxic shock syn-
drome has been found to reduce mortality in a septic mouse model of infection [175].
Moreover, a modified TSST-1 antigen was also exploited to create an attenuated TSST-1
vaccine able to prevent infection during sepsis in mice [175]. Subsequently, a recombinant
TSST-1 variant vaccine was created and tested in a Phase I clinical study, which was quite
well tolerated, and a Phase Il trial was engaged [176,177].

Even though numerous vaccine candidates have demonstrated protective efficacy in
preclinical or early clinical investigations as detailed above, no vaccine has been authorized
to date for human use.

3.7. Others

Eukaryotes, archaea, and bacteria create extracellular vesicles (EVs), which are lipid
bilayers that form lumen-containing spheres with diameters ranging from 20 to 500 nm.
EVs contain a variety of proteins, polysaccharides, nucleic acids, and lipids. EVs from
Gram-positive bacteria carry physiologically active toxins, display cytotoxicity, and stimu-
late proinflammatory mediators, thus having a significant role in host-pathogen interac-
tions [178]. Unfortunately, the toxicity of staphylococcal EVs limited their use as a vaccine
platform. However, in a recent study, Wang et al. engineered EVs with unique features in
the S. aureus USA300 strain, representative of the dominant CA-MRSA clone in the United
States [179]. The originality of this study was to consider that S. aureus EVs could be used
as a vaccine platform if their cytotoxicity was reduced. Therefore, EVs over producing
Hla- and LukE-modified toxins that possess the capacity to be immunogenic without
being toxic were engineered in order to stimulate the production of toxin-neutralizing
antibodies. Immunization with engineered EVs showed considerable protection in an
S. aureus lethal sepsis model [179]. Though the efficiency of these vesicles as a novel vaccine
platform against different S. aureus strains and in additional infection models has yet to be
determined, they do represent an attractive promise.

Moreover, novel approaches have been developed to combat enterotoxins. In an
in vitro T-cell experiment, Mattis et al. developed a yeast display technology to create a
soluble T-cell receptor variable domain variation capable of neutralizing both SEC and SEB
enterotoxins. In different rabbit models, including endocarditis and necrotizing pneumontia,
this variation was proven to be effective in reducing the infection [180].
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Table 2. Summary of the anti-toxin treatments strategies.
Treatment Name Target References
MEDI4893 (suvratoxumab) a-hemolysin [98-100]
AR-301 a-hemolysin [106]
o-hemolysin, Panton-Valentine
leukocidin (PVL), LukAB,
ASN100 ¥-hemolysin AB (HIgAB), [107]
Antibodies ¥-hemolysin CB (HIgCB), leukocidin
ED (LukED)
LTM14 a-hemolysin [99]
IVig a-hemolysin, PVL [112-114]
HuMAb-154 Staphylococcal enterotoxin B (SEB) [117]
20B1 Staphylococcal enterotoxin B (SEB) [118]
Sphingomyelin liposomes Phenol-soluble modulins (PSMs) [121]
Nanoparticles Cholesterol-containing sphingomyelin liposomes o-hemolysin [121]
Pl ooyl ) OLCA med iopw s ey =
RNAII-inhibiting peptides RNAIII-inhibiting peptides (RIP) agr RNA transcripts [128-130]
Antimicrobial peptides HNP3 PVL [141]
Cyclodextrin IB201 a-hemolysin [142]
Aloe-emodin o-hemolysin [144]
Apigenin a-hemolysin [143]
zl’(,);/lm’ g?l;};:tahydroxyﬂavone) e R [145)
Oroxylin glycosides
(oroxin A (ORA), oroxin B (ORB), and oroxylin A a-hemolysin [146,147]
7-O-glucuronide (OLG))
ﬁ?‘iiigtymsd Staphylococcal enterotoxin A (SEA) [148]
Natural compounds Solonamide B Quorum-sensing peptide (AIP) [149-152]
iﬁ?ﬁiﬁgi;lg/ﬂﬁ,7-tetrahydroxyﬂavone) B-hemolysin 1561
gl?-’;lir}‘\ydroxyﬂavone) wshemplysin [48]
Puerarin a-hemolysin [157]
Naringenin agrA and hla expression [158,159]
224C-F2 (Castanea sativa leaf) .
430D-F5 (Schinus terebinthifolia berry) Hel APt L
Ambuic acid AgrB activity, RNAIII expression [162]
Omega-hydroxyemodin (OHM) AgrA [163,164]
H35L a-hemolysin [165,166]
a-hemolysin, PVL, enterotoxins A and
IBT-VO2 B, toxic shock syndrome toxin 1 [167]
Vaccines (IS5
StaphVax PVL [170]
STEBVax SEB [174]
Attenuated TSST-1 vaccine TSST-1 [175-177]
Extracellular vesicles (EVs) o-hemolysin, LukE [181]
Ottsers Yeast display technology to create a soluble T-cell SEC, SEB [180]

receptor
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4, Conclusions and Future Directions

The problem of antibiotic resistance has prompted scientists around the world to
explore alternatives for effective treatments. Because antimicrobial resistance is a complex
phenomenon, the solution to this problem comprises a variety of techniques aimed at
reducing the factors that contribute to the establishment of resistance and spread. These
strategies require the development of novel therapeutic drugs that work on principles
distinct from those currently available for antibiotics. Bacterial toxins, as detailed in this
review, are directly involved in disease outcomes. Anti-toxin therapies have been proposed
as a promising alternative in this regard, with the intention of reducing pathogen virulence
without exposing pathogens to selective pressure.

Anti-toxin therapies target diseases that are the most dangerous to patients, such as
hospital-acquired bacterial pneumonia and ventilator-associated bacterial pneumonia,
osteomyelitis, sepsis, and endocarditis, and have the capacity to enhance chances of
survival. One of the benefits of these anti-toxin treatments is their use in conjunction with
antibiotics to help fight the most dangerous infections. Furthermore, anti-toxin therapies
contribute to significantly reduce the bacterial load, most likely by interfering with the
bacterial strategies used to multiply involving secreted toxins [182]. Moreover, anti-toxin
treatments do not place selective pressure on bacterial growth since they neutralize the
pathogen rather than killing it, which could provide a long-term solution to the resistance
issue. However, the potential of anti-toxin treatments to counter drug resistance without
putting severe selective pressure on the bacterial population needs more investigation.

Even though efforts to develop innovative anti-toxin compounds have had varying
levels of success, the potential leads need pharmacology and toxicology evidence. For
extensive mechanistic study, additional studies should concentrate on a few very promising
candidates. The anti-toxin treatments potential negative effects must also be considered.
Because of the toxins” extensive combination and cross-reactivity, efforts to interfere at
the host-toxin level necessitate robust anti-toxin efficacy. Therefore, staphylococcal toxin
biology requires more research to decipher the specific toxin roles, the differences in
expression or genetic existence of toxins all over strain lineages, and the importance of
specific toxins along various clinical strains. Another drawback of anti-toxin compounds
is their possible limited spectrum efficacy, as these treatment candidates only specifically
target virulence-mediated pathways in certain S. aureus strains, thereby limiting their
general clinical use.

Moreover, it is clear that evaluating the effectiveness of anti-toxin compounds is
delayed by the lack of therapy models, which may more precisely mimic the clinical
condition in humans. Thus, developing such models represents an essential future direction.
Human clinical trials will always be required to prove the success of a treatment. However,
even though animal models remain necessary to decipher fundamental host-pathogen
interactions and even though many potentially promising S. aureus anti-toxin therapeutics
exist, most have failed in human trials or have not been tested. Therefore, the development
of humanized mice with engrafted human immune cells for instance could help improve
the translatability of animal investigations to human trials in the future [183-185]. This
strategy will improve animal models, thus helping in deciding which treatments should
proceed to clinical trials.

It is also necessary to specify which criteria will be used to assess the anti-virulence
therapy’s efficacy, as well as which types of infections the treatment is most suited for.
For instance, a defective Agr-quorum sensing system appears to be favorable for the
pathogen in S. aureus chronic infections or bacteremia [186]. Furthermore, it was recently
demonstrated that a dysfunctional Agr system could facilitate antibiotic resistance to
gentamicin and ciprofloxacin [187]. Moreover, phenol-soluble modulin toxins are known
to be implicated in the regulation of S. aureus persister cell populations [188]. Then, as the
Agr system oversees PSMs’ production, a misfunctioning system is likely to suppress PSM
expression, favoring the formation of persister cells resistant to antibiotics.
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To summarize, a tremendous amount of work has investigated S. aureus toxins, expand-
ing our understanding of their mode of action and involvement in pathogenesis, and several
promising therapies have resulted from various treatment strategies. However, improved
therapeutical models need to be developed to validate most of these anti-toxin treatments.
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Cystic fibrosis (CF) is a genetic disease with lung abnormalities making patients particularly
predisposed to pulmonary infections. Staphylococcus aureus is the most frequently
identified pathogen, and multidrug-resistant strains (MRSA, methicillin-resistant S. aureus)
have been associated with more severe lung dysfunction leading to eradication
recommendations. Diverse bacterial traits and adaptive skills, including biofilm formation,
may, however, make antimicrobial therapy challenging. In this context, we compared the
ability of a collection of genotyped MRSA isolates from CF patients to form biofilm with
and without antibiotics (ceftaroline, ceftobiprole, linezolid, trimethoprim, and rifampicin).
Our study used standardized approaches not previously applied to CF MRSA, the BioFiim
Ring test® (BRT®), the Antibiofilmogram®, and the BioFlux™ 200 system which were
adapted for use with the artificial sputum medium (ASM) mimicking conditions more
relevant to the CF lung. We included 63 strains of 10 multilocus sequence types (STs)
isolated from 35 CF patients, 16 of whom had chronic colonization. The BRT® showed
that 27% of the strains isolated in 37% of the patients were strong biofim producers. The
Antibiofimogram® performed on these strains showed that broad-spectrum cephalosporins
had the lowest minimum biofilm inhibitory concentrations (bMIC) on a majority of strains.
Afocus on four chronically colonized patients with inclusion of successively isolated strains
showed that ceftaroline, ceftobiprole, and/or linezolid bMICs may remain below the
resistance thresholds over time. Studying the dynamics of biofim formation by strains
isolated 3years apart in one of these patients using BioFlux™ 200 showed that inhibition
of biofim formation was observed for up to 36 h of exposure to bMIC and ceftaroline and
ceftobiprole had a significantly greater effect than linezolid. This study has brought new
insights into the behavior of CF MRSA which has been little studied for its ability to form
biofilm. Biofilm formation is a common characteristic of prevalent MRSA clones in CF.
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Biofilm Formation in CF MRSA

Early biofilm formation was strain-dependent, even within a sample, and not only observed
during chronic colonization. Ceftaroline and ceftobiprole showed a remarkable activity
with a long-lasting inhibitory effect on biofilm formation and a conserved activity on certain
strains adapted to the CF lung environment after years of colonization.

Keywords: cystic fibrosis, methicillin-resistance Staphylococcus aureus (MRSA), biofilm, antibiofilm activity,

ceftaroline, ceftobiprole, linezolid

INTRODUCTION

Cystic fibrosis (CF) is a recessive genetic disease linked to
a mutation in the cystic fibrosis transmembrane conductance
regulator (cftr) gene encoding for an ion channel whose
dysfunction causes thickening of the respiratory mucus in
CF patients (Rowe et al,, 2005). The resulting dehydrated,
sticky mucus provides an ideal environment for bacterial
colonization, and CF patients are therefore particularly exposed
to pulmonary infections from an early age. Among the
prevalent opportunistic pathogens in CF worldwide,
Staphylococcus aureus is generally the most commonly
identified microorganism (Registre francais de la
mucoviscidose - Bilan des données, 2019; The Cystic Fibrosis
Foundation Patient Registry, 2019; Zolin et al., 2020). S. aureus
is acquired early on in the life of CF patients, and from
the age of 5years, S. aureus will colonize or infect approximately
70% of children. Infections may be persistent in certain
patients, and in 2018 in Europe, the prevalence of chronic
S. aureus in CF patients was 35.68% (34.34% in children;
37.12% in adults; Zolin et al., 2020). Multidrug-resistant S.
aureus strains, known as methicillin-resistant S. aureus
(MRSA), are of particular concern. A degree of variation
in MRSA prevalence is observed between countries for the
CF population with a lower prevalence observed in Europe
(e.g, 59% in France in 2019; Registre francais de la
mucoviscidose - Bilan des données, 2019) compared with
the United States where the widespread distribution of
community-acquired MRSA clones like the USA300 clone
(Glikman et al., 2008; Goss and Muhlebach, 2011) is associated
with a 25% rate of CF patients with at least one MRSA
isolate in 2019 (The Cystic Fibrosis Foundation Patient
Registry, 2019). In Europe, the epidemiology of circulating
MRSA clones in the CF population remains largely unexplored.
MRSA eradication in CF patients is currently recommended
as compared with methicillin-susceptible S. aureus (MSSA),
MRSA persists longer in the airways of these patients, resulting
in more serious pulmonary dysfunction and lung damage
with a greater decline in mean forced expiratory volume in
ls (FEV1) and in greater use of antibiotics (Ren et al.,
2007; Dasenbrook et al., 2008; Vanderhelst et al., 2012).
However, MRSA eradication is challenging, not only due to
the antimicrobial multidrug resistance patterns of the strains
but also to the diverse bacterial adaptation pathways developed
in the CF lung environment, including biofilm formation
which represents an important barrier to eradication treatment
and host defenses, thus contributing to bacterial persistence

in the CF lung (Goerke and Wolz, 2010; Hirschhausen et al,,
2013). Identifying antimicrobial treatments that may limit
biofilm formation has become a matter of concern in the
management of numerous infections, particularly those
involving S. aureus which is a well-known pathogen causing
diverse Dbiofilm-associated infections other than those
encountered in CF, such as medical device-associated and
catheter-related infections, and bone infections (Miquel et al.,
2016), and over the years, studies have aimed to evaluate
the antibiofilm activity of various antimicrobial agents
(antibiotics as well as antimicrobial peptides and natural
substances). These studies underline the limitations of in
vitro studies of bacterial biofilms, particularly the poor
reproducibility of certain methods and the influence of
cultivation conditions. Considering these limitations, a variety
of protocols and methods for in vitro drug activity testing
against staphylococcal biofilms has been successively
introduced with the aim of standardizing protocols and
improving  inter-laboratory  reproducibility, including
microfluidics systems which more closely approximate natural
biofilms (Benoit et al., 2010; Guzman-Soto et al., 2021).
In this context, the main objective of our study was to
evaluate the effects of antibiotics on the biofilm formation
of MRSA isolates from CF patients. Our study focused on
trimethoprim, rifampicin, and linezolid which are some of
the drugs that may be used to deal with MRSA infections
in CF patients (Fusco et al., 2015; Zobell et al.,, 2015; Akil
and Muhlebach, 2018). Two broad-spectrum cephalosporins
(more recently approved for the treatment of bacterial
pneumonia due to MRSA), ceftaroline and ceftobiprole, were
also evaluated. Our study was based on standardized approaches
not previously applied to CF MRSA isolates, that is, the
BioFilm Ring test® (Chavant et al., 2007; Ren et al., 2007)
and the microfluidics system BioFlux™ 200 (Benoit et al.,
2010) which were adapted for use with the artificial sputum
medium (ASM), a mucin-containing synthetic growth medium
(Sriramulu et al., 2005; Dinesh, 2010) to test MRSA biofilm
formation, and antibiotic efficacy against biofilm formation
in conditions more relevant to the CF lung. The BRT® is
used to quickly evaluate bacterial adhesion and early biofilm
formation. The BRT® has also been proposed as a tool for
evaluating the capacity of antibiotics to inhibit biofilm formation
through an approach called the Antibiofilmogram® (Tasse
et al, 2016), also used in our study. Finally, we used the
BioFlux™ 200 continuous flow system to study biofilm
formation in dynamic conditions. Strains studied were clinical
isolates genotyped by multi locus sequence typing (MLST)
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and, for selected strains, by whole-genome sequencing (WGS).
Due to the highly complex patterns of bacterial colonization
in CF patients’ airways, we also included strains that were
co-isolated from within a sample or successively isolated from
chronically colonized patients with the aim of bringing new
insights into the behavior of strains adapted to the CF lung
during persistent colonization.

To the best of our knowledge, studies like this have never
been performed before and our study therefore provides original
results on comparative biofilm formation with and without
antibiotics for a collection of clinically and genetically
documented MRSA from CF patients.

MATERIALS AND METHODS
Patients, Strains, and Study Design
Methicillin-resistant S. aureus strains included in this study

were isolated from routinely sampled sputum specimens in
patients attending the CF center at Montpellier University

Biofilm Formation in CF MRSA

Hospital, France, and analyzed as part of their standard
follow-up. Strains were recovered in 35 patients representing
all patients with MRSA isolation in our center over a 9-year
period. Strains had been stored at —80°C. These strains
were studied for their ability to form biofilm in the presence
or absence of antibiotics according to the steps presented
in the flow diagram in Figure 1. Briefly, we first identified
strains that were strong biofilm producers among a collection
of clinically documented and genetically characterized CF
MRSA using the BRT® and the ASM. Strong biofilm producers
were then included in the evaluation of antibiotic efficacy
against biofilm formation using the Antibiofilmogram® method.
Selected isolates were then used to conduct: (i) a longitudinal
analysis of the evolution of antibiotic efficacy on biofilm
formation over time in chronically colonized patients (selection
of clonal strains successively isolated in four patients) and
(ii) a study of the dynamics of biofilm formation under
flow in the absence and presence of antibiotics (selection
of two paired strains successively isolated in a chronically
colonized patient).

l 63 CF MRSA strains / 35 samples / 35 patients

Collection of
genotyped strains l
| MLST genotyping |
Early biofilm formation with BioFilm Ring Test®
1. Validation: assay with 0.22 um filtered ASM
Early biofilm 2. Testing the 63 strains

formation evaluation

1

Selection of previously isolated strains

Strong biofilm producers
17 strains / 13 patients

(longitudinal study) with criteria:
- strong biofilm producers

- chronic colonization shown by WGS
-> 5 strains / 4 patients
|

1

Effect of antibiotics
on biofilm formation

Antibiofilmogram® on susceptible strains (bMIC in filtered ASM)
ceftaroline, ceftobiprole, linezolid, trimethoprim, rifampicin

MIC determination

1

Dynamics of antibiotic
action on biofilm
formation

Selection of 2 paired strains
Formation of biofilm in Bioflux® system (ASM versus BHI)
ceftaroline, ceftobiprole, linezolid (ASM)

FIGURE 1 | Flowchart showing the main steps of the study. CF, cystic fibrosis; MRSA, methicillin-resistant Staphylococcus aureus; MLST, multilocus sequence
typing; ASM, artificial sputum medium; WGS, whole-genome sequencing; MIC, minimum inhibitory concentration; bMIC, biofilm MIC; and BHI, brain heart infusion

medium.
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Multilocus Sequence Typing

All strains were cultured on Trypticase Soy Agar with 5%
Sheep Blood (bioMérieux, Marcy I'Etoile, France), and one
colony was subcultured on the same agar medium for further
analysis. DNA extraction was performed as previously described
(Predari et al., 1991). The amplification of the seven housekeeping
genes included in the MLST scheme for S. aureus was performed
as previously described (Enright et al., 2000; Criséstomo et al.,
2001). Sequencing was done on a 3500xL Genetic Analyser
(Thermo  Fisher  Scientific ~ Waltham,  Massachusetts,
United States), and sequence analysis was performed using
SeqScape Software v3.0™ from the same company. The sequence
type (ST) was determined for each strain via the PubMLST
database (Jolley et al., 2018)" or after whole-genome sequencing
(wgMLST).

Whole-Genome Sequence Analysis
Whole-genome sequencing analysis was performed for the
11 CF MRSA isolates (five “early” isolated strains and six
“late” isolated strains in four chronically colonized patients)
selected for the longitudinal analysis of the evolution of
antibiotic efficacy on biofilm formation over time to prove
that the MRSA persistence in these patients was truly a
chronic colonization by a clonal strain. For six of these strains,
WGSs were available from previous work (Boudet et al., 2021);
for the five remaining strains, WGSs were obtained by an
[Mlumina MiSeq platform (Illumina Inc., San Diego, CA,
United States) and analyzed as previously described (Boudet
2021). Regarding analysis of single nucleotide
polymorphisms (SNPs), SNPs were called using Snippy
(Seemann, 2015) and SNPs numbers were interpreted according
to the criteria of Ankrum and Hall (2017) which define strains
with <71 SNPs as the “same” strains, strains with 72-123
SNPs as “very closely related” strains, strains with 124-156
SNPs as “closely related” strains, and strains with >157 SNPs
as “distantly related” strains.

DDBJ/ENA/GenBank accession numbers for the 11 WGS are
JAGPWS000000000, JAGPW Y000000000 and JAGPWZ000000000
(strains 5.1, 5.2, and 5.3 in Patient 5); JAGPWI000000000,
JAGPWQ000000000 and JAGPWR000000000 (strains 6.1, 6.3,
and 6.4 in Patient 6); JAHXBM000000000, JAHXBL000000000,
and JAHXBKO000000000 (strains 17.2, 17.3, and 17.6 in Patient
17); JAHXBJ000000000 and JAHXBI000000000 (strains 18.1 and
18.2 in Patient 18).

et al.,

Culture Media and Growth Rates

After initial culture of frozen strains on Trypticase Soy Agar
with 5% Sheep Blood (bioMérieux, Marcy I'Etoile, France),
we used different media according to the test performed.
Mueller-Hinton broth was used as the broth microdilution
reference  method to determine minimum inhibitory
concentrations (MIC) of antibiotics. The ASM, a medium
mimicking the sputum found in the respiratory tract of CF
patients (Sriramulu et al, 2005; Dinesh, 2010), was used to

'https://pubmlst.org/saureus/
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evaluate biofilm formation and antibiotic efficacy against biofilm
formation in conditions more relevant to the CF lung using
the different approaches of this study and developed below:
the Biofilm ring Test® (BRT®), the Antibiofilmogram®, and
the continuous flow system BioFlux™ 200. However, the brain
heart infusion (BHI) medium is recommended by the BRT®
manufacturer and was therefore used with ASM for comparative
purposes. As the opacity of the ASM did not provide a
compatible image with the BRT® reading software,
0.22 pm-filtered ASM was compared to BHI medium on selected
isolates with the BRT®. BHI medium was also compared with
ASM in the assays conducted on the BioFlux™ system. According
to the medium used for the assay, strains were pre-cultured
for 24h in the same medium, BHI broth, or ASM. Due to
the use of these three culture conditions, growth properties
of selected strains in BHI broth, ASM, and 0.22 pm-filtered
ASM were compared. Overnight cultures at 37°C were inoculated
into the same fresh medium [identical dilution factor for all
three conditions to obtain a suspension of optical density
(OD) at 600nm (ODgy) of 0.1], and incubation was carried
out at 37°C with agitation for 24h. Cell growth was monitored
over 24h through colony-forming unit (CFU) counts with
eight data points: 0, 0.5, 1, 2, 3, 4, 6, and 24h. For CFU
counts, cultures were diluted serially in the medium and plated
on Trypticase Soy Agar with 5% Sheep Blood plates which
were incubated for 24h at 37°C. All assays were performed
in duplicate.

Bacterial Adhesion and Biofilm Formation
Assessment Using Biofilm Ring Test®

The BRT® based on the measurement of the mobility of
superparamagnetic microbeads subjected to a magnetic field
was used to study the early stages of biofilm formation
according to the manufacturer’s recommendations (Chavant
et al., 2007). Briefly, standardized bacterial cultures were
incubated at 37°C in 96-well microtiter plates in the presence
of magnetic beads. At set time-points, the plates were placed
on a magnetic block and put in the reader. The images of
each well before and after magnetic attraction were analyzed
with the BioFilm Control software (BFC Elements® 3), which
gives a biofilm formation index (BFI). The adhesion ability
of each strain was expressed as this BFI that is inversely
proportional to the attached cell number. A high BFI value
indicates high bead mobility under magnetic action that
corresponds to the absence of biofilm formation (a spot is
visible due to bead accumulation above the mini-magnet),
while lower values reflect partial to complete immobilization
of beads due to the bacteria embedded in a biofilm (no
visible spot for complete bead immobilization). Two incubation
times were defined: 1.5 and 4h. Three replicate wells were
performed per strain and per incubation time in three (BHI/
filtered ASM comparison) or two independent experiments
(tests in filtered ASM only). A negative control was
systematically included in each experiment corresponding to
the medium and beads without bacterial suspension. BFI values
were calculated for each well, ranging from 0 (total bead

October 2021 | Volume 12 | Article 750489

288



Infection des plaies chroniques & Biofilms

Boudet et al.

immobilization, i.e., strongly adherent cells/strong biofilm
formation) to 20 (no bead aggregation, ie., non-adherent
cells/no biofilm formation in the experiment conditions).

Susceptibility Testing

Minimum inhibitory concentrations of ceftaroline, ceftobiprole,
linezolid, rifampicin, and trimethoprim were determined for
all CF MRSA strains using the microdilution method in Mueller-
Hinton broth. According to the interpretative criteria of the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST), strains were classified as susceptible (including
“susceptible” and “susceptible, increased exposure” categories)
or resistant (European Committee on Antimicrobial Susceptibility
Testing, 2021). Serial 2-fold dilutions of antibiotics were as
follows: 0.125-16 mg/L for ceftaroline, 0.25-32 for ceftobiprole,
0.5-64mg/L for linezolid, 0.015-2mg/L for rifampicin, and
0.25-32 for trimethoprim. The reference strain S. aureus ATCC
29213 was used to monitor test performance.

The minimum biofilm inhibitory concentrations (bMIC)
were determined using the Antibiofilmogram® test (BioFilm
Control; Tasse et al., 2016). A schematic representation of the
Antibiofilmogram® principle is available in Olivares et al. (2020).
The test was performed using 0.22 pm-filtered ASM for initial
bacterial growth and suspension preparation. The microplates
containing bacteria, magnetic beads, and antibiotics (20pl of
antibiotic solutions) were incubated at 37°C for 4h before
visual reading. The bMIC was determined for each antibiotic
as the lowest concentration at which a spot corresponding to
free beads attracted to the center of each well during
magnetization, similar to negative control (0.22 pm-filtered ASM
and magnetic beads), was visible. A well without antibiotics
filled with the bacterial suspension in 0.22pm-filtered ASM
and magnetic beads was used as the positive control (absence
of spot due to bead immobilization in biofilm). All assays
were performed in duplicate.

Biofilm Formation Assessment Using the
BioFlux™ 200 System

The kinetics of biofilm formation and quantification in the
absence and presence of antibiotics (ceftaroline, ceftobiprole,
and linezolid) were assessed with the BioFlux™ 200 microfluid
system as previously described (Naudin et al., 2019) with two
different media, BHI medium and ASM. In this system, biofilm
formation is studied under dynamic and controlled flow
conditions and is followed by light microscopy in microfluidic
wells (Benoit et al., 2010). The system consists of a 48-well
plate with a microchannel connection between 24 pairs of
two types of wells, an input well and an output well. Bacteria
were grown overnight in each media. Bacterial suspensions
with an ODgg of 0.1 +/— 0.05 after two 200th serial dilutions
from the overnight culture were prepared in both media. To
quantify biofilm formation, we prepared BioFlux system by
adding 500 pl of medium into the input well with a pressure
of 1 dyne/cm? for 10 min. At the end of the 10 min, the medium
remaining in the input well was removed. Bacterial suspensions
were then added in the input well for 36h of incubation at
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37°C in BHI medium and ASM with a pressure of 0.2 dyne/
cm? The bacterial suspension was either added alone or in
the antibiotic solution, i.e., last dilution performed in the
antibiotic solution to give final concentrations of bacteria of
10*CFU/ml and antibiotic corresponding to the bMIC determined
by the Antibiofilmogram® either in BHI broth or in filtered
ASM. Biofilms were grown in monoculture, and the quantification
of biofilm formation was done at 5, 12, 24, and 36h post-
inoculation in the absence of antibiotics and at 5, 12, and
36 h post-inoculation in the presence of antibiotics. Experiments
were performed in duplicate. Biofilms were visualized with a
Leica DM IRB inverted fluorescence microscope coupled with
a CoolSNAP FX black and white camera (Roper Scientific,
Trenton NJ, United States). Image]® software was utilized to
calculate biofilm percentage. The 16-bit grayscale images were
adjusted with the threshold function to fit the bacterial structure
and were analyzed using the “Analyze Particles” function to
calculate biofilm percentage in the microfluidic channel.

Statistics

Results are presented as the mean + standard deviation. Statistical
analyses were made using a t test in version 7 of GraphPad
Prism (comparison of biofilm formed according to the condition,
either medium or incubation time, in the BioFlux™ analyses)
or using a Mann-Whitney U test in version 3.5.2 of R software
(comparison of BFI values in BHI medium and filtered ASM).
A value of p<0.05 was considered to reflect significance.

RESULTS

Patients and MRSA Collection
Characteristics

The 35 CF patients (54.3% of female) had a mean age of
22.1years at inclusion in the study (range: 2-52years). Sixteen
of them fulfilled the criteria for chronic colonization (>50%
of respiratory samples collected during the last 12months
positive for MRSA with at least four samples collected during
that period; Zolin et al., 2020). The 63 strains had been isolated
between 2007 and 2016 from 35 sputum samples in these
patients (2-4 colonial morphotypes visually distinct observed
during the routine bacteriological analysis of sputum samples
recovered from 18 samples in 18 patients were included;
Supplementary Table). MLST genotyping showed that the 63
strains belonged to 10 STs (Figure 2A). MRSA of ST5 (50.8%
of strains and 48.6% of patients) and ST8 (30.2% of strains
and 31.4% of patients) were the most frequent representing
81% of the strains (51 strains/63) and being identified in 80%
of the patients (28 patients/35). Two patients had co-colonizations
with strains from different STs within the same clonal complex
(CC) identified in one sample [ST5 and ST4782 (CCS5) in
Patient 14, ST8 and ST5829 (CCS8) in Patient 33]. In these
cases, both genotypes identified differed by one (strains in
Patient 14) or five mutations (strains in Patient 33) in one of
the seven genes of the MLST scheme (aroE gene and gmk
gene, respectively).
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FIGURE 2 | Ability of 63 CF MRSA strains to form early biofilm according to MLST genotype. (A) Relative distribution of strains according to their genotype MLST
(ST, sequence type) and their ability to form early biofilm as shown in (B). The number of strains and patients are indicated at the bottom of the figure for each ST.
(B) Dynamics of early biofilm formation determined using BRT® and filtered ASM after 1.5 and 4 h of incubation. Red, strains with low biofilm index (BFl) values (<4)
associated with full immobilization of the magnetic beads due to complete biofilm formation; green, non-adherent strains (BFI values: 19.9-20.3); orange, strains

with intermediate BFI values (8.4-13.5).

Use of Artificial Sputum Medium to Test
Bacterial Adhesion Using the Biofilm Ring
Test®

Brain heart infusion medium is recommended by the BRT®
manufacturer. However, the ASM containing mucin, amino
acids, and free DNA was formulated to mimic the sputum
of CF patients and its use is thought to be more representative
of the lung conditions during CE. We therefore aimed to
evaluate the use of ASM in the Biofilm Ring Test®, either
to characterize the adhesion pattern and ability to form
biofilm of clinical CF MRSA (BFI determination) or to
perform an Antibiofilmogram® (bMIC determination). ASM
is a turbid medium which yields invalid results in the BRT®
but using ASM filtered through a 0.22pM filter system
made it possible for the system to calculate the BFI. To
go further with the use of filtered ASM, we compared the
growth ability in BHI, ASM, and filtered ASM of three
selected strains that were further categorized as strong biofilm
producers: strains 5.3 and 6.4 that were also used for the
comparison of the BRT® use in BHI medium and ASM,
and strain 17.6 that was later studied using the BioFlux™
200 system. Similar growth rates were observed in the three
media for these three strains (Supplementary Figure 1).
We then compared both media for BRT® use by comparing
BFI values measured after 4h of incubation in BHI medium
and filtered ASM  for strains 53 and 6.4
(Supplementary Figure 2). Differences in adhesion patterns
were observed depending on the medium used, with lower
BFI values observed in filtered ASM compared with BHI
medium and a significantly more pronounced adherence
behavior in ASM compared with BHI medium for strain
5.3 (value of p<0.001 by Mann-Whitney U test). On the
whole, these observations led us to consider the use of
filtered ASM for further experiments using the BRT®.

Biofilm Formation in CF MRSA

€14

B

Biofilm Formatio
OFRNWAUVONNWOORFENW

0 15 4
Hours

Evaluation of Early Biofilm Formation
Using Biofilm Ring Test® in Filtered ASM
Biofilm formation index values evaluating the CF MRSA
adhesion ability were distributed in three clearly separated
groups after an incubation time of 4h: BFI values <4, BFI
values comprised between 8.37 and 13.52, and BFI values
ranging from 19.87 to 20.31 (Supplementary Table;
Supplementary Figure 3). We found that 27% of strains
(17/63) isolated in samples from 37.1% of the patients (13/35)
formed a strong biofilm after 4h of incubation in filtered
ASM (BFI<4), including two strains of ST5 (strains 17.6
and 30.1) which were strongly adherent after 1.5h of incubation
(Figure 2B). Nearly all the strains (94.1%, 16/17) that were
early biofilm producers belonged to ST5 and ST8. It is worth
noting that intra-sample heterogeneity in the ability to form
biofilm was observed, strong biofilm-producing strains being
co-isolated with strains displaying distinct ability to form
biofilm in samples from five patients (38.5%, 5/13). A striking
example was observed for Patient 25 for whom strong biofilm
producers and non-adherent strains coexisted in a sample
(Supplementary Table). Half of chronically colonized patients
(8/16) were colonized by such strains with a strong capacity
for biofilm production (Supplementary Table). Non-adherent
strains represented 44.4% of the strains and were isolated
in 18 patients (BFL: 19.87-20.31, as observed for the negative
control that contained filtered ASM and beads only). Finally,
28.6% of the strains, isolated from 13 patients, with intermediate
BFI values (8.37-13.52), were likely slower biofilm formers,
and characterization of their adhesion kinetics would have
required a longer incubation time (Supplementary Table;
Supplementary Figure 3).

No obvious relation was observed between the ability to
form early biofilm of the MRSA strains and the co-colonizers,
particularly Pseudomonas aeruginosa. Out of the 63 strains/35
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patients of the study, 40 MRSA strains were isolated in 21
patients with chronic colonization by P aeruginosa. These
strains were distributed in the three groups of strains defined
according to their ability to form early biofilm (13 strains
showed BFI<4, 17 strains were non-adherent and 10 had
intermediate BFI values).

Antimicrobial Susceptibility of the 17
Strongly Adherent Strains

Determination of the MICs of the five antibiotics under
consideration in this study showed that 11 strains (64.7%)
were resistant to rifampicin, and three strains (17.6%) were
resistant to linezolid, while the 17 strains were susceptible to
trimethoprim, ceftobiprole, and ceftaroline (Table 1). bMICs
were then determined using the Antibiofilmogram® approach
in filtered ASM. Highly distinct patterns of bMICs were observed
according to the antimicrobial agent (Table 1). No strains
displayed bMIC for trimethoprim below the EUCAST threshold
for resistance at 4mg/L (bMIC range: 8->32mg/L) showing
that this antibiotic was totally inefficient on biofilm formation
initiation. The lowest bMICs were observed for ceftaroline and
ceftobiprole with efficacy in preventing biofilm formation
observed for 76.5 and 70.6% of strains, respectively (bMICs
below the respective resistance breakpoint of 1 and 2mg/L)
compared with linezolid (64.7% of strains with bMICs <4 mg/L)
and rifampicin (17.6% of strains with bMICs<0.5mg/L).
Individual results for each of the 17 strains under evaluation
are presented in Table 2. The capacity of rifampicin and linezolid
to prevent biofilm installation was also evaluated for the sole
strains that were susceptible in planktonic cultures; linezolid
was able to inhibit biofilm formation of 78.6% of the susceptible
strains (three out of 14) and rifampicin prevented biofilm
installation of 50% of the susceptible strains (three out of six;
Table 2).

For three strains (strains 1.1, 5.3, and 20.1), bMICs of all
the five antibiotics were above the corresponding resistance
breakpoint and these strains were excluded from further analysis
conducted to compare the efficacy of the various antimicrobial
agents on biofilm formation by CF MRSA. Analysis was, thus,
restricted to susceptible strains (planktonic cultures) that

Biofilm Formation in CF MRSA

displayed at least one bMIC below the threshold for resistance
(n=14; Table 2). Under these conditions, bMICs for ceftaroline
were below the resistance threshold for 13 strains, bMICs for
ceftobiprole were below the resistance threshold for 12 strains,
and bMICs for linezolid were below the resistance threshold
for 11 strains. A limited effect was observed for rifampicin
with three strains out of 14, isolated from three patients,
showing low bMIC values <0.015mg/L. However for two patients,
these strains were associated either with a resistant strain
(Patient 28) or with a strain for which the formation of biofilm
was not inhibited by rifampicin (Patient 25) thereby making
the drug of low interest considering its global effect on biofilm
formation inhibition. More generally, intra-sample heterogeneity
with coexistence of adaptive variants displaying distinct bMICs
was observed for three out of the four patients for whom the
analysis of multiple strains from a sample was performed
(Patients 5, 25, and 28; Table 2).

Study of Clonally-Related, Longitudinally-
Isolated Strains in Four Patients

For chronically colonized patients, we searched for strains that
had been isolated before the strains studied above, which met
the following criteria: (i) strongly adherent strains/strains forming
early biofilm as determined by the BRT® in filtered ASM (BFI<4),
and (ii) WGS-based analysis confirming the chronic colonization
based on the identification of less than 123 SNPs between the
sequences of the “early” and the “late” isolated strains (signing
either a “same” strain or “very closely related” strains according
to the criteria of Ankrum and Hall, 2017). A total of five earlier-
isolated strains from four patients matching these criteria were
selected and compared with six strains isolated during patient
follow-up. The characteristics of patients and selected strains
are presented in Figure 3A. MICs were determined, and an
Antibiofilmogram® was performed on these strains (as described
above), and bMICs are presented in Figure 3B. MIC and bMIC
values for the five antibiotics were all below the EUCAST
threshold for susceptibility for the five strains isolated earlier.
For later-isolated strains that remained susceptible to antimicrobial
agents in planktonic culture, we showed that ceftaroline and
ceftobiprole (Patients 5 and 6) or linezolid (Patients 17 and 18)

TABLE 1 | Overall susceptibility results for the 17 CF MRSA strains that were classified as strongly adherent/strong biofilm producers according to the Biofim Ring

Test® assay.

Minimal inhibitory concentration (MIC in mg/L)

Minimal biofilm inhibitory concentration (bMIC in mg/L)

Antimicrobial Above the
agent Resistant threshold for
Range MIC;, MICq (%, n) Range bMICs, bMICq raSiStancs.
(%, n)
Ceftaroline <0.125-0.25 0.125 0.25 0 <0.125-4 0.25 4 23.5 (4)
Ceftobiprole <0.25 <0.25 <0.25 0 <0.25-16 2 8 29.4 (5)
Linezolid <0.5-32 1 16 17.6 (3) <0.5->64 2 >64 35.3 (6)
Rifampicin <0.015-2 2 2 64.7 (17) <0.016->2 >2 >2 82.4(14)
Trimethoprim <0.25-2 0.5 2 0 8->32 >32 >32 100 (17)

European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints for resistance were as follows: ceftaroline, 1mg/L; ceftobiprole, 2mg/L; linezolid, 4mg/L;

trimethoprim, 4 mg/L, and rifampicin, 0.5mg/L.
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TABLE 2 | Detailed susceptibility results for the 17 CF MRSA strains that were classified as strongly adherent/strong biofilm producers according to the Biofilm Ring

Test® assay.
Ceftaroline Ceftobiprole Linezolid Rifampicin Trimethoprim
Patient Strain ST BFI
MIiC bMIC MmIiC bMIC MIiC bMIC MIiC bMIC MIiC bMIC
1 1.1 8 4 <0.125 2 <0.25 16 <05 16 2 >2 1 >32
5 52 5 0.12 <0125 <0125  <0.25 <0.25 32 >64 2 >2 05 >32
53 5 0.75 <0.125 4 <0.25 8 16 82 2 >2 1 >32
6 6.3 5 0.58 <0.125 0.25 <0.25 2 1 16 2 >2 1 >32
6.4 5 0.25 0.25 0.25 <0.25 <0.25 16 >64 2 1 1 >32
7 7.2 5 0.71 0.25 0.25 <0.25 2 <05 2 05 >2 05 8
17 17.6 5 0 <0.125 4 <0.25 4 <05 2 2 >2 05 >32
18 18.2 8 3.03 <0.125 05 <0.25 2 1 1 2 >2 1 8
20 20.1 5828 0.66 <0.125 4 <0.25 4 1 64 2 >2 2 >32
25 255 5 4 0.25 0.25 <0.25 <0.25 2 2 <0015  <0.015 2 32
25.6 5 3.22 <0.125 0.25 <0.25 8 4 4 <0.015 >2 05 >32
26 26.1 8 2.08 <0125 <0125  <0.25 2 <0.5 2 <0.015  0.015 <0.25 >32
28 28.3 5 0 <0.125 1 <0.25 2 <05 <05 2 >2 <025 >32
28.4 5 0.25 <0125 <0125  <0.25 <0.25 <0.5 1 <0015 <0.015 <025 8
30 30.1 5 0 <0125 <0125  <0.25 <0.25 <0.5 1 <0.015 >2 1 32
31 31.2 8 268 <0125 <0125  <0.25 05 <0.5 1 2 >2 05 >32
32 32.1 8 1.89 <0125 <0125  <0.25 <0.26 1 1 2 >2 05 >32

Minimum inhibitory concentrations (MIC) and biofim MIC (bMIC) in mg/L. MICs were determined according to the reference dilution method. bMICs were determined in filtered ASM.
Gray cells indicate MIC and bMIC values above the EUCAST breakpoints for resistance (indicated in footnotes of Table 1). ST, sequence type. BFI, biofim formation index.

retained their ability to prevent biofilm formation (bMICs below
the corresponding EUCAST thresholds for resistance) over time.
We related these observations to the antimicrobial courses received
by the patients (Figure 3). The more important antibiotic selective
pressure was noted for linezolid and Patients 5 and 6. Three
out of the four strains isolated in these patients were resistant
to linezolid in planktonic cultures (resistance, investigated in a
previous study; Boudet et al., 2021) was related to a G2576T
substitution present in a variable number of 23S rRNA gene
copies, while susceptible strain 6.3 displayed a high bMIC of
16mg/L. For strains isolated in Patients 17 and 18 (who had
received fewer linezolid courses during their follow-up), increased
bMICs were observed over time, but bMICs were still below
the resistance threshold (Figure 3). Although a low number of
rifampicin and trimethoprim courses (possibly associated) were
noted in the four patients, both antibiotics were no more active
on later-collected strains, showing MICs or bMICs above the
corresponding resistance thresholds. None of the patients had
received ceftaroline or ceftobiprole.

Dynamics of Biofilm Formation Under Flow
in the Presence and Absence of Antibiotics
To complete the characterization of biofilm formation of CF
MRSA in the presence or absence of antibiotics, a study was
performed in dynamic conditions using the BioFlux™ 200
microfluidic system. We selected strain 17.6, one of the two
strains that were strongly adherent after 1.5h of incubation in
the BRT® and the paired 17.2 strain isolated 3years before in
Patient 17. For these paired strains, we first compared their
dynamics of biofilm formation over time according to the medium
used (BHI or ASM). The formation of biofilm increased regularly
over time for each condition of the assay (“early” strain in BHI
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medium, “early” strain in ASM, “late” strain in BHI medium,
“late” strain in ASM) with a systematically higher percentage
of biofilm formed in ASM compared with BHI medium and
for “late” strain compared with “early” strain (Figure 4). Although
both strains were shown to have high adhesion ability using
the BRT®, these results revealed that strains 17.2 and 17.6 each
had distinct dynamics of biofilm formation, with a slower biofilm
formation for the earlier-isolated strain 17.2 (Figure 4).
Further testing with antibiotics was limited to three times
of measure (5, 12, and 36h) and to the three antimicrobial
agents with the lowest bMICs, that is, ceftaroline, ceftobiprole,
and linezolid. With the BioFlux™ device, the percentage of
biofilm formed in the presence of one of the three drugs tested
was drastically lower than that observed for the control without
antibiotics showing that all three antibiotics had the ability to
limit biofilm formation and that this effect was long-lasting as
it was observed up to 36h of exposure to the bMIC of the
corresponding antimicrobial agent in both media (Figure 5).
Differences in biofilm formation in ASM were compared for
statistical significance by a t test. A significantly higher inhibition
of biofilm formed by the earlier isolated strain 17.2 was observed
from 12h of incubation and up to 36h of incubation for
ceftaroline and ceftobiprole compared with linezolid (values of
p<0.05 at 12h; values of p<0.01 at 36h). Differences observed
between ceftaroline and ceftobiprole were also statistically
significant (value of p<0.05 at 36h), ceftaroline being more
active in biofilm formation inhibition than ceftobiprole after
12 h, whereas ceftobiprole was more active in biofilm formation
inhibition than ceftaroline after 36h. Inhibition of the biofilm
formation by the “late” strain 17.6 in ASM was more pronounced
with ceftobiprole than with linezolid (values of p<0.01 at 12
and 36h) or ceftaroline (values of p<0.01 at 36h). Ceftaroline
was also more active than linezolid after 36 h (value of p<0.01).
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FIGURE 3 | Antibioflmogram?® results for successively isolated MRSA strains in four cystic fibrosis patients (5 « early » strains; 6 « late » strains). (A) Schematic
presentation of patients (designation, year of birth, and year of first colonization by MRSA), strains [year of isolation, strain designation, biofilm formation index (BFI)
value, ST, single nucleotide polymorphism (SNP) number between successively isolated strains], and number of antimicrobial courses (LIN, linezolid; RIF, rifampicin;
and TRI, trimethoprim). (B) Biofilm minimal inhibitory concentration (bMIC, mg/L) in 0.22 um-filtered artificial sputum medium of five antibiotics for the 11 strains
included (data are presented for strains categorized as susceptible to the antibiotic considered only). European Committee on Antimicrobial Susceptibility Testing
(EUCAST) thresholds for susceptibility (at standard or high doses) are as follows: ceftaroline: 1 mg/L (threshold for pneumonia); ceftobiprole: 2mg/L; linezolid:
4mg/L; rifampicin: 0.5 mg/L; and trimethoprim: 4 mg/L.

DISCUSSION

Cystic fibrosis is a chronic disease in which bacterial
colonizations/infections of the airways are usual. Due to local
specific conditions in the CF lung, diverse selective pressure
is applied to colonizing microorganisms (interactions with the
host immune response, high levels of antibiotic use, oxygen

deprivation in mucus, altered antimicrobial peptide production,
etc.) which, in turn, develop several traits to adapt to the
surrounding environment and survive in the CF lung (Hauser
et al, 2011). Among these traits, biofilm growth has been
observed with several opportunistic pathogens in certain human
diseases including CE conferring protection against antimicrobial
treatments and therefore contributing to bacterial persistence
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(Donlan and Costerton, 2002). While the role of biofilm and
the dynamics of its formation have been extensively studied
for P aeruginosa (Hoiby et al., 2010), there have been few
studies on MRSA in CF patients. However, biofilm formation
is an important virulence trait of S. aureus which has been
frequently observed (67% of the strains) in a recent study on
CF pediatric patients (Kodori et al., 2021). Biofilm formation
was also significantly more often observed for strains isolated
from CF patients compared with those recovered from non-CF
patients (Aktas et al., 2013). In MRSA, biofilm represents an
additional obstacle to eradication in addition to multidrug
resistance making these strains the most problematic ones and
a great matter of concern due to their involvement in negative
clinical evolution (Ren et al., 2007; Dasenbrook et al., 2008;
Vanderhelst et al., 2012). One recent study found that 85.6%
of MRSA isolates were biofilm producers compared with 54.2%
of MSSA, suggesting that MRSA isolates are better able to
form biofilm during CF (Kadkhoda et al, 2020). Biofilm
formation was also observed in 14 of 15 CF MRSA pulsotypes

FIGURE 5 | Dynamics of biofilm formation (% of biofilm formed) in BHI medium and ASM in the presence of antibiotics for two strains isolated 3years apart in
Patient 17 (strain 17.2: “early” strain and 17.6: “late” strain). Results are presented comparatively to those observed in the absence of antibiotic previously presented
in Figure 4. (A) After 5 h of incubation; (B) after 12h of incubation; (C) after 36 h of incubation. No, no antibiotic; LIN, linezolid; CTO, ceftobiprole; and CTL,
ceftaroline. Antibiotics were added to a final concentration equivalent to the minimum biofilm inhibitory concentration (bMIC) in the corresponding medium as
follows: strain 17.2, bMICs in BHI medium and in ASM: CTL: 0.125mg/L, CTO: 0.25mg/L, LIN: 0.5mg/L; strain 17.6, bMICs in BHI medium: CTL: 0.25mg/L, CTO:
0.5mg/L, LIN: 2mg/L; bMICs in ASM: CTL: 4mg/L, CTO: 4mg/L, and LIN: 2mg/L. Data are commented for statistical significance in the text.

in the study by Molina et al. (2008), supporting the fact that
biofilm formation is a common characteristic of CF MRSA.
In the specific and distinct conditions of our study - BRT®
used with a 4-h incubation for selection of strong producers
of early biofilm rather than the microtiter test used in previous
studies, we found a rate of strong biofilm-forming MRSA of
27% of the strains and these strains had been isolated in
samples from 37% of the studied patients.

Previous studies have related the propensity of specific clones
of S. aureus for forming biofilm (Vanhommerig et al., 2014;
Tasse et al.,, 2018) as well as Escherichia coli (Flament-Simon
et al., 2019). For CF MRSA, due to the lack of studies including
genetically characterized strains, it remains to be explored
whether some lineages are more prone to forming biofilm.
More generally, there is a lack of knowledge of MRSA clones
circulating in the CF population in Europe (Vu-Thien et al,
2010; Cocchi et al., 2011) although no comparisons can be drawn
with non-European data, particularly American data, due to
the highly distinct epidemiology between these continents
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(Glikman et al., 2008). Congruent with the studies of Vu-Thien
et al. (2010) in France and Cocchi et al. (2011) in Italy,
we observed that ST5 and ST8 were the most frequent STs
identified in our study with 81% of the strains isolated in
80% of the patients belonging to these MLST genotypes.
We observed that clonal lineages differed in terms of their
biofilm-forming capacities as the majority of strong biofilm-
producing strains belonged to ST5 and ST8, a trait that may
contribute to the large representation of both genotypes in
CE However, due to the important representation of both STs
in the overall population, ST5 and ST8 were major MLST
genotypes observed in the three groups of BFI values in our
study. They are also major MRSA lineages in the global
population. Previous studies showed that some MRSA lineages
like the predominant clone of community-acquired (CA)-MRSA
in the United States, the USA300 clone in the clonal complex
8, have enhanced biofilm-forming capacity (Vanhommerig et al.,
2014). Strains included in our study did not harbor the Panton-
Valentine leukocidin-encoding gene characteristic of some
CA-MRSA clones (unpublished) but were not characterized
further in our study, thus preventing any conclusions about
the implication of specific biofilm-forming lineages of ST5 or
ST8 in CE

Although antimicrobial treatments are considered as effective
according to the results of in vitro assays, microorganisms
may still persist in the CF airways for years, partly due to
their ability to be protected within the polymer matrix produced
during biofilm formation. In this context, the efficacy of
antimicrobial therapy is reduced within the biofilm and
approaches targeting bacterial biofilms in cystic fibrosis airways
are required (Martin et al., 2021). However, as recently stated
by Guzman-Soto et al. (2021), “for the successful development
of antibiofilm treatments and therapies, understanding biofilm
development and being able to mimic such processes is vital”
Several natural or synthetic compounds have shown to be active
on biofilm formed by §. aureus (Miquel et al., 2016). However,
most studies on S. aureus focused on the effects of antibiotics
on established biofilm in the context of biofilm-associated
infections other than CF, mainly medical device-associated
infections. The antibiofilm activity of antibiotics on S. aureus
isolated from CF patients has been scarcely investigated.
Considering the 5 antibiotics included in this work, a PubMed
search conducted on July 19, 2021, with « ceftaroline » or «
ceftobiprole » or « linezolid » or « rifampicin » or « trimethoprim
» and « Staphylococcus aureus » and « cystic fibrosis » and «
biofilm » found five non-redundant publications supporting
the need for data acquisition on the subject of antibiotics’
antibiofilm activity against CF S. aureus isolates (Molina et al.,
2008; Aktas et al, 2013; Iglesias et al, 2019; Gilpin et al,
2021; Harrington et al, 2021). This is reinforced by the
observations that most of these antimicrobial agents have been
found to display an antibiofilm activity on S. aureus isolated
in other settings. For example, ceftaroline was effective against
biofilm established by MRSA in vitro and in vivo models of
catheter-associated biofilm formation suggesting that ceftaroline
could be considered for the treatment of biofilm-associated
MRSA infections (Meeker et al., 2016). In CF, ceftaroline was

Biofilm Formation in CF MRSA

recently shown to represent an effective antimicrobial option
for the management of acute pulmonary exacerbations involving
MRSA in pediatric CF patients (Branstetter et al., 2020) and,
on the other hand, has been shown to have an antibiofilm
effect on biofilm-producing MRSA in other chronic infections
(Mottola et al., 2016). Ceftobiprole has also previously
demonstrated promising activity against biofilm from methicillin-
resistant staphylococci (Abbanat et al., 2014). However, previous
studies mainly included limited numbers of strains, either
reference strains that may not reflect the behavior of CF strains
or strains with no associated clinical data. In our study, we report
the first data on the effect of antibiotics, including fifth-generation
cephalosporins, on biofilm formation via a collection of clinically
documented and genotypically characterized CF MRSA and
seek to mimic CF sputum by using ASM in the different in
vitro assays.

Due to the strong influence of environmental conditions
on bacterial biofilm formation, the use of ASM formulated to
mimic the sputum of CF patients appears promising for in
vitro studies on CF isolates (Sriramulu et al., 2005; Dinesh,
2010). However, this technique remains little used in published
studies and has mostly been used in studies on P aeruginosa
(Sriramulu et al.,, 2005; Kirchner et al., 2012; Rozenbaum et al.,
2019; Iglesias and Van Bambeke, 2020). For S. aureus, it was
previously used in a single study to determine the influence
of the medium on the antibiofilm activity of antibiotics including
two of those under consideration in this study (linezolid and
rifampicin). ASM, containing amino acids, mucin, and free
DNA, was shown to provide the most protective matrix
(Rozenbaum et al, 2019) and all the antibiotics previously
tested were drastically less potent and less effective in ASM
than in comparators with respect to viability, metabolic activity,
and biomass (Iglesias and Van Bambeke, 2020; Frisch et al.,
2021). Here, through the comparative study of biofilm formation
dynamics in ASM and BHI medium, we show that the use
of ASM should be encouraged for further studies on biofilm
formation by CF MRSA clinical isolates as an enhanced and
accelerated biofilm formation was observed in ASM. However,
we also found that ASM was not adaptable to all devices
probably due to some of its characteristics like turbidity and
viscoelasticity (Iglesias et al., 2019) and we had to consider
filtered ASM for use in the BRT® despite the impact of the
ASM filtration and the components which may be affected by
this step remain unknown. Of note, ASM did not contain
glucose despite glucose is present, at various levels according
to the studies, in the sputum of CF patients (Van Sambeek
et al., 2015; Nielsen et al., 2020) and glucose was shown to
promote S. aureus biofilm formation (Lade et al., 2019). The
supplementation of ASM with glucose may thus represent an
interesting perspective for future work unless the best glucose
concentration to be used can be defined considering the inter-
individual (but also intra-individual) variability highlighted in
previous studies of sputum samples from CF patients (Van
Sambeek et al., 2015; Nielsen et al., 2020).

The inhibition of early biofilm formation observed in ASM
in this study for linezolid and, more markedly, for ceftobiprole
and ceftaroline represents an important finding because the first
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two stages of biofilm development, that is, adsorption and adhesion,
are key determinants in the next stages leading to biofilm
development during initial colonization by MRSA and also during
the biofilm life cycle at the dispersal stage. These observations
warrant complementary studies on established biofilm and on
antibiotic combinations as previously studied in other settings
such as endocarditis, diabetic foot infections, and medical device-
associated infections for associations including ceftaroline (Barber
et al, 2015; Mottola et al,, 2016; Thieme et al., 2018), as they
may contribute to the required optimization of antibiotic regimens
against biofilm (Lebeaux et al., 2014).

Bacterial populations colonizing CF patients are known to
be highly complex and dynamic, encompassing a variety of variants
whose equilibrium varies according to the changing conditions
of the surrounding environment. This population diversification
is an increasingly well-known host adaptation strategy which has
been widely studied in Gram-negative bacilli during chronic
colonization of CF patients lungs (Winstanley et al., 2016; Menetrey
et al, 2021). For S. aureus, diversified populations have been
more rarely documented in CF (Goerke et al., 2007; Vu-Thien
et al,, 2010; Hirschhausen et al,, 2013; Ankrum and Hall, 2017;
Boudet et al, 2021; Wieneke et al, 2021). Regarding biofilm
formation, we observed that patients may be colonized by clonally
related strains corresponding to adaptive variants displaying distinct
abilities to form biofilm, as previously described (Savage et al.,
2013; Wieneke et al, 2021). Such diversification of MRSA
populations and intra-sample heterogeneity of biofilm formation
ability may contribute to compromising the antibiotic management
of CF airway infections. Other adaptive phenotypic modifications
observed for CF S. aureus have included the increase in antimicrobial
resistance and the biofilm development observed in certain studies
(Hirschhausen et al., 2013). In our study, strains adapted to the
CF lung environment after years of colonization may still display
low bMICs for ceftaroline, an observation that requires further
investigation on a larger panel of MRSA strains isolated in
chronically colonized patients. Adaptive modifications like mucoidy
and nuclease activity were recently shown to be more frequently
observed in case of P aeruginosa co-colonization highlighting
the importance of cross-talk and interactions between bacterial
pathogens in shaping the adaptation of S. aureus to the CF lung
environment (Wieneke et al., 2021). In our study, no obvious
association was observed between chronic colonization by P
aeruginosa and the ability of MRSA to form early biofilm. Finally,
future studies are still needed to investigate the behavior of CF
MRSA within multispecies biofilm as well as the effect of exposure
of these multispecies biofilms to different antibiotics
(Vandeplassche et al., 2020).

CONCLUSION

We hereby report the first data on early biofilm formation by
MRSA clinical isolates from CF patients using original and
standardized approaches which had never been previously applied
to such isolates and whose use should be encouraged. Indeed,
the BRT® is well-designed to investigate the early and capital
stages of biofilm formation contrarily to the most frequently used
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microtiter plate dye-staining (crystal violet) assays and presents
the other advantages of being a rapid, high-throughput, easy-to-
handle, and highly reproducible method. The BioFlux is meanwhile
a fully integrated and easy-to-use system allowing the study of
the dynamic formation of the biofilm and the small volumes
required make this system highly applicable for screening of
biofilm inhibitory agents (for a critical review of methods usable
to study biofilm formation, see Azeredo et al., 2017).

As previously observed for other CF pathogens like P. aeruginosa
or in other settings like medical device-associated infections,
antibiotic susceptibility was reduced in biofilm, thereby complicating
anti-MRSA treatments and representing a risk of treatment failure
in CF patients. The Antibiofilmogram® is a promising tool for
guiding the choice of the most effective drugs against biofilm
formation by MRSA in CF airways. In our study, the two broad-
spectrum anti-MRSA cephalosporins ceftaroline and ceftobiprole
displayed a notable ability to limit biofilm formation of CF MRSA.
Hitherto little used for CF patients, the characteristics of both
antimicrobial agents, together with recent studies showing that
ceftaroline represents an additional treatment option for treating
MRSA-associated acute pulmonary exacerbations (Branstetter et al.,
2020), should promote their larger use in the management of
CF patients infected by MRSA.
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Annexe 5: Liste des communications durant la thése

Congreés

Type de présentation
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Bacterial translocation

Montpellier 20 minutes and rheumatoid arthritis
A relevant wound-like in
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Paris 5 minutes of biofilm in DF
Annulé COVID
Genomic adaptation of S.
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Evaluation of Bioflux 200
system to characterize
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