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VII. Généralités : PK/PD des antibiotiques

L’antibiorésistance est la propriété dune bactérie d’étre résistante a un/des antibiotique(s). Elle peut étre
innée ou acquise [1]. Les bactéries résistantes posent un important probléme de santé publique, en 2009
I’ECDC (European Centers for Disease Control and Prevention) a estimé que 1’antibiorésistance était
responsable de 25000 morts et d’1.5 milliards d’€ de cotts directs et indirects par an au sein de 1’Union
Européenne [2]. En 2013, la CDC américaine (Centers for Disease Control and prevention) a estimé que
I’antibiorésistance était responsable de 23000 morts par an ainsi que de 55 milliards de $ en codts directs et
en perte de productivité aux Etats-Unis [3]. Si aucune mesure n’était prise, le rapport O’Neill de 2014 [4]
prévoyait que les bactéries multirésistantes seraient responsables de 10 millions de mort par an soit plus de
morts que le cancer d’ici 2050. L’Organisation Mondiale de la Santé (OMS) a désigné la lutte contre les
bactéries multirésistantes comme une des priorités majeures des politiques de santé mondiales [5]. Le causes
de I’émergence de cette antibiorésistance sont multiples mais Depuis les années 80, le nombre de molécules
mises sur le marché diminue (Figure 1) et les résistances aux nouveaux antibiotiques apparaissent tres vite
aprés la mise sur le marché [6] d’ou I’importance d’optimiser les molécules actuellement a notre disposition

et/ou de les utiliser en combinaison.

20
18
16
14

12

10|III
0 I II I
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[+.2]

=)

=
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Figure 1. Nombre d’antibiotiques systémiques approuvés par la FDA depuis 1980 (d’aprés[6] complété pour la tranche 2015-
2019[71)

Parmi les molécules a notre disposition, d’anciennes molécules telles que les polymyxines connaissent une
résurgence car peu utilisées entre les années 1970 et 2000 elles ont conservé une efficacité contre les

bactéries multirésistantes. Cependant, ayant été mises sur le marché dans les années 50, elles n’ont pas suivi
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un processus de développement aussi rigoureux que les molécules récentes, et de nouvelles études sont
nécessaires [8]. D’autre part, les antibiotiques utilisés en combinaison étant en général autorisés séparément,
leur activité combinée n’est pas étudiée avant la mise sur le marché et des études supplémentaires sont donc

nécessaires.

C’est ici tout I’intérét des études de pharmacocinétique/pharmacodynamie des antibiotiques pour optimiser
leur efficacité, prévenir les résistances et donc prolonger la durée de vie de ces antibiotiques déja a notre

disposition.

La pharmacocinétique (PK) est 1’étude de I’évolution des concentrations d’un médicament au cours du
temps aprés son administration. La pharmacodynamie (PD) est I’étude de la relation entre un effet
pharmacologique et la concentration en antibiotique. La PK/PD est la combinaison de ces deux sciences qui

nous permet in fine de suivre I’effet de la molécule en fonction du temps (Figure 2).

De multiples approches ont été développées pour étudier la PK/PD des antibiotiques utilisés seuls ou en

combinaison, 1’objet de cette partie eSt d’en proposer un résumé.

Pharmacokinetics Pharmacodynamics
Concentration vs.Time Concentration vs. Effect
o k=]
z 2
S =
Conc (log)
PK/PD
Effect vs. Time
B
e
&
) Time

Figure 2. Schéma représentant ce que sont la PK, la PD et leur association. (D apres [9])

VIL.A. Antibiotiques utilisés seuls
VIILA.L. Concentration minimale inhibitrice

La détermination de la concentration minimale inhibitrice (CMI) est une des méthodes les plus répandues
d’évaluation de I’activité d’un antibiotique sur une bactérie. Elle doit sa popularité a sa simplicité de

réalisation et d’interprétation qui permet sa réalisation dans un contexte aussi bien académique que de
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routine hospitaliere. Plusieurs protocoles existent pour déterminer cette concentration, le plus répandu est
dit de « microdilution en bouillon». Les organismes de consensus EUCAST et CLSI ont standardisé cette
procédure avec des différences mineures entre les protocoles[10,11]. Typiquement il est préparé un
inoculum de bactéries provenant d’une culture sur gélose, dans du bouillon de culture ajusté a une densité
d’environ 5 * 10° UFC/mL et mis au contact d’'une gamme de concentrations d’antibiotiques souvent
préparée par dilution sérielle au demi. La préparation est incubée a une température et pendant une durée
dépendant du type de bactérie étudié, généralement 16 a 24h a 35°C. A la fin de la période d’incubation la
pousse des bactéries est évaluée visuellement ou par spectrophotométrie et la CMI est définie comme étant

la concentration minimale inhibant complétement la pousse visible des bactéries.[10]

En pratique, une fois la valeur de CMI obtenue elle est comparée a des valeurs de références pour
I’antibiotique et 1’espéce qui sont données par deux organismes de consensus (EUCAST[12] et CLSI[13])
permettant de classer I’isolat étudié comme sensible ou résistant a 1’antibiotique (ou de sensibilité

intermédiaire dans certains cas).

La CMI présente plusieurs problémes. Tout d’abord, ’activité d’un antibiotique est réduite a sa capacité a
maintenir la densité de la bactérie étudiée sous un seuil de détection a un temps donné, c'est-a-dire qu’un
antibiotique induisant un déclin initial du nombre de bactéries suivi d’une repousse aura une CMI identique
a celle d’un antibiotique n’ayant aucun effet sur les bactéries. Le méme raisonnement peut étre tenu pour
un antibiotique tuant tous les bactéries vis-a-vis d’un antibiotique maintenant la densité juste en dessous du

seuil de détection.

De plus, lorsqu’ensuite 1’on compare les valeurs de CMI obtenues aux valeurs de référence, et que 1’on
classe les bactéries en sensibles et résistantes, on confond les bactéries ayant une CMI trés faible (supposées
tres sensibles a I’antibiotique) et celles ayant une CMI juste en dessous de la valeur de référence, idem pour
les bactéries classees comme résistantes. Or, souvent la CMI est vue comme un seuil a atteindre afin

d’obtenir un effet de I’antibiotique que ce soit in vitro ou in vivo.

Les valeurs potentielles de CMI sont limitées aux concentrations testées, aussi il est communément admis
que les valeurs de CMI sont précises a 1 dilution prés[14], donc quand les concentrations testées suivent

une suite géométrique de raison 2 la CMI est peu précise et peut varier d’un facteur 4.

Aussi, la détermination de la CMI suppose que 1’antibiotique testé est & concentration constante pendant la
durée d’incubation i.e. que I’antibiotique est stable dans les conditions d’étude. Ce qui n’est pas toujours le

cas comme montré dans ’article 1. Dans ce cas ’interprétation de la CMI semble difficile.

En résumé, la CMI est un index facile a déterminer et utile mais qui apporte une information incompléte car

basé sur une mesure & un instant donné, peu précis et difficile a interpréter dans le cas de molécules instables
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ou en présence de phénomeénes de décroissance puis de repousse bactérienne. Il est donc insuffisant pour

1’étude détaillée de la PD d’un antibiotique.
VIILA2. Index PK/PD

La mesure de référence pour I’évaluation de la PK/PD des antibiotiques est depuis une trentaine d’année
I’approche de détermination des index PK/PD. Ces index combinent un marqueur d’exposition PK, le Cpax,
I’AUC ou Tsmic, et un marqueur pharmacodynamique, la CMI. L’objectif est de déterminer une valeur cible

de ces index qui soit prédictive de I’efficacité de I’antibiotique en clinique.

La détermination de la relation entre un index PK/PD et I’effet de la molécule implique que I’on puisse
étudier différent schémas posologiques afin d’obtenir différentes valeurs d’AUC, de Tsmic et de Crax.
Actuellement sa détermination est faite partir d’expériences ou la PK est dynamique, soit in vitro a partir
d’expériences d’hollow fibre ou d’expérience in vivo, les expériences chez la souris formant I’essentiel de
la littérature sur les index PK/PD. Mais une étude de Khan et al. [15] a montré qu’il était possible de coupler
un modele de la PK humaine d’un antibiotique a un modele PD développé a partir de données issus d’études
de bactéricidie a concentration constante d’antibiotique afin de déterminer I’index PK/PD le plus prédictif

de Defficacité.
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Concentration en médicament

0 2 4 6 8 10 12 14 16 18 20 22 24
Temps aprés administration

Figure 3. Index PK/PD. CMI est la concentration minimale inhibitrice, Cmax est la concentration maximale obtenue aprés une
administration, T>mic est la durée pendant laquelle la concentration est supérieure a la CMI, AUC est [’aire sous la courbe des
concentrations en fonction du temps.

Cette approche consiste a relier une mesure d’effet a 1’un des trois index PK/PD illustrés par la figure 3,
fAUC/MIC, fCra/MIC et fT>mic ou AUC (area under the curve) est I’aire sous la courbe PK montrant la
variation de la concentration en antibiotique en fonction du temps. Cmax €st la concentration maximale en
antibiotique observeée et T-mic est la fraction du temps ou la concentration en antibiotique est au-dessus de
la CMI. Le préfixe f (free) signifie que 1’on s’intéresse aux concentrations libres d’antibiotique. En absence
de plus de precisions, il est supposé que I’AUC et le Tsmic sont calculés sur 24 heures et a 1’état stable PK
[16].

Pour chaque paire antibiotique-bactérie étudiée, I’index PK/PD étant le plus prédictif de ’efficacité est
déterminé en reportant sur un graphique une mesure d’effet (classiquement le nombre de CFU/mL 24 heures
apres I’infection) en fonction de chaque index PK/PD, pour chacun des index, on opére une régression avec
un modéle de type Emax sigmoide (Equation 1) reliant I’effet et I’index PK/PD. La régression ayant le plus
grand coefficient de corrélation permet de déterminer le meilleur index PK/PD prédictif de I’efficacité. Un

exemple de cette démarche est illustré par la figure 5.

EmaxxIndexPKPDY
EIndengHndexPKPDV

Effet =E, Equation 1
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Ou Ep est la valeur de la variable d’effet en absence de traitement, Emax est 1’effet maximum dd a
I’antibiotique, IndexPKPD est la valeur de 1’index PK/PD étudié, Elndexso est la valeur de 1’index PKPD
induisant 50% d’Emax et y est le coefficient de sigmoidicite.

Premiérement ces index, étant dépendants de la CMI partagent ses défauts. L imprécision de la mesure de
la CMI se répercute sur les index, ainsi que I’incapacité a différencier les bactéries complétement résistantes

de celles qui sont d’abord sensibles puis repoussent.

Le choix d’un de ces index comme valeur cible pour optimiser un schéma posologique n’est pas anodin
puisqu’il entrainera des recommandations trés différentes. Comme illustré par la figure 4, si I’on cherche a
maximiser fCmax/MIC seule importe la dose administrée, pas la fréquence de ré-administration dans ce
schéma on recommandera plus facilement 4g/8h que 1g/2h. Si I’on cherche a optimiser fT>mic on peut étre
amené a recommander des schémas posologiques avec une fréquence élevée de ré-administration, qui sont
les plus @ méme de maintenir la concentration au-dessus de la CMI pendant un intervalle de temps long,
dans ce cas on recommanderait plut6t 1g/2h que 4g/8h. fAUC/MIC combine en quelque sorte les deux autres

index, pour une pharmacocinétique linéaire 1g/2h ou 4g/8h produira la méme fAUC/MIC.

1g/2h | 20/4h
54 Cmax=1.58 mg/L Cmax=4.07 mg/L
%t>MIC=49% %t>MIC=36%
AUC=24 mg/L/ih AUC=24 mg/L/h

Concentration en médicament (mg/L)

0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Temps aprés administration (h)

Figure 4. Simulations de concentrations attendues a I’état stable pour un antibiotique injecté par bolus intraveineux suivant une
pharmacocinétique linéaire d’ordre 1. Le panneau de gauche représente les concentrations attendues aprés administration d’l1g
toutes les 2 h, le panneau de droite représente les concentrations attendues apres injection de 2g toutes les 4h.

Une autre faiblesse de ces index vient de la difficulté & choisir un seul index pour une molécule donnée. Le

tableau 1 présente les index PK/PD qui ont été sélectionnés pour plusieurs grandes classes d’antibiotiques.
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En fonction des molécules, des bactéries voire méme des modéles d’étude (e.g. modele murin ou in vitro)
I’index sélectionné varie. Par exemple ’index le plus corrélé a I’efficacité de la dalbavancine contre

Staphylococcus aureus était I’AUC/MIC alors que contre Streptococcus pneumoniae c’était la

Crax/MIC[17].

Tableau 1. Index PK/PD corrélés a lefficacité pour différentes classes d’antibiotiques (d’aprés [18])

Classe d’antibiotique Index corrélé a Defficacité Références
Beta-lactamines fT>MIC [19]
Aminoglycosides fCmax/MIC ou fAUC/MIC [20-22]
Fluoroquinolones fCmax/MIC ou fAUC/MIC [23-26]
Oxazolidinone (linezolide) fT>MIC ou fAUC/MIC [27,28]
Tetracyclines and glycylcycline | fT>MIC ou fAUC/MIC [29-31]
Macrolides, ketolides et azalides | fCmax/MIC ou fT>MIC ou fAUC/MIC | [32-38]
Glycopeptides fCmax/MIC ou fT>MIC ou fAUC/MIC | [17,39-42]
A 3 o3 R*=0.14
S p. R?=0.77 =0. R*=0.33
H B 6 RS e (258 = vl o eivanes - somnr | S g - SR - S e
= - N3 7% °k «= 420
o5 3 NS
=0 T 0 0 ey
2 0 50 100 0 200 400 0 200 400 600 800
B g3 , ,
g8 9 R=098 7 R=095 9 R*=1.00
= - (. " D Vi S SR S
20 6 73% 6 6
Sk «4.6 <49
g2 3 3 3
“2 0 50 100 0.1 10 1000 1 10 100 1000
ST>MIC % fC,  /MIC SFAUC/MIC

Figure 5. Corrélation entre index PK/PD (en abscisse) et densité bactérienne a 24h (en ordonnée). Les données ont été obtenues
A. a partir d’expériences d’'un modéle PK/PD décrivant ’activité du méropénéme contre Pseudomonas aeruginosa ATCC27853
dans un modeéle d’infection de la souris B. & partir de simulations obtenues grace a un modéle PK du méropénéme chez les
patients adultes[43], avec une diminution de la clairance rénale, et le modéle PK/PD décrivant I’activité du méropénéme contre
Pseudomonas aeruginosa ATCC27853 dans un modéle d’infection de la souris (d’aprés [44])
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VIILA3. Modélisation mathématique

Les méthodes d’analyse de la PK/PD d’antibiotiques par modélisation mathématique semi-mécanistique se
sont développées afin de pouvoir palier les défauts de la CMI et des index PK/PD. Et permettent d’analyser
des données longitudinales (e.g. UFC en fonction du temps), la CMI et les index PK/PD étant des outils
inadaptés pour ce type de données.

Parameétres du modéle

Concentration initiale Modale mathématique Prédictions de densité

Inoculum bactérien ... %:—kuxf bactérienne...

dB
dt

Emax X L7
ECl +C7

)x B

= kgrowth X B — kgearn X (1+

Figure 6. Représentation schématique de la modélisation mathématique

La modélisation mathématique (illustrée en figure 6) consiste a développer un modéle mathématique,
constitu¢ d’équations qui vont permettre de lier les données expérimentales connues d’avance (e.g.
concentration initiale en antibiotique, inoculum bactérien initial...) a des prédictions de variables d’intérét
mesurées (e.g. concentration en antibiotique et/ou densité bactérienne au cours de ’expérience). A
I’intérieur des équations ce lien est réalisé par des variables appelées paramétres du modele, dont les valeurs
seront estimées a partir de logiciels d’estimation grace auxquels il est possible de trouver pour un modéle
donné les valeurs de paramétres minimisant 1’écart entre les prédictions et les mesures. Les modéles sont
dit semi-mécanistiques quand les équations utilisées intégrent des informations provenant de nos
connaissances du systéme étudié (e.g. mécanismes d’action de la molécule étudiée, connaissance du cycle

de vie de la bactérie).

Les modéles PK/PD utilisés se découpent en plusieurs sous modeéles interconnectés

VI1l.3.a. Modele pharmacocinétique

Tout d’abord il faut modéliser les variations en concentrations d’antibiotiques. Dans certaines expériences
elles ne varient pas (kill-curve statiques avec une molécule stable), mais il arrive que les molécules utilisées
soient instables auquel cas la dégradation de 1’antibiotique peut par exemple, étre prise en compte par un
modele de dégradation de premier ordre (Equation 2)

dc _

e —k, x C Equation 2
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Une pharmacocinétiqgue mono, bi- ou tri-compartimentale peut &tre simulée in vitro en utilisant des

dispositifs dit de « modéle pharmacocinétique in vitro » ou d’hollow fibre.
Modele de croissance bactérienne

Un modéle simple de croissance bactérienne a été proposé par Jusko et al. [45] ou les bactéries sont
considérées comme un ensemble homogene (B) qui se multiplient a une fréquence Kgrown €t meurent de fagon

naturelle a une fréquence Kgeath €N Suivant 1’équation 3.

dB )
e kgrowtn X B — Kgeatn X B Equation 3
Cette équation permet de décrire 1’évolution de la densité bactérienne lors de la phase de croissance

exponentielle en absence d’antibiotique.

Des modifications ont été proposées afin de rendre compte du plateau bactérien qui est observé in vitro et
in vivo. Campion et al.[46] ont proposé d’utiliser une fonction logistique suivant 1’équation 4.

aB

B .
dr (kgrowth —kgearn) X (1 — %) X B Equation 4

Ou Bmax représente la densité bactérienne maximale du systéme étudié.

Une autre possibilité est de modéliser la croissance par une équation saturable de type Emax comme proposé

par Meagher et al[47] suivant I’équation 5 :

dB _ VGmaxXB

dt ~ Bm+B kaeatn X B Equation 5

OU VGnmax est la fréquence maximale de réplication des bactéries et B, la densité bactérienne pour laquelle

cette fréquence est 50% de VGmax.

Une troisieme possibilité, avancée par Nielsen et al [48], basée sur les travaux de Balaban et al. [49] est de
considérer que la phase de plateau observée est due a un changement métabolique des bactéries, qui, a des

fortes densités passent en phase de repos. Les équations 6 et 7 décrivent ce modéle :

aG G+R
a kgrowth X G = Kgeatn X G — (kgrowth — kaearn) X (

) X G Equation 6

Bmax

dRr

G+R
T = _kdeath X R+ (kgrowth - kdeath) X (

)X G Equation 7

Bmax

Ou G sont les bactéries en phase de croissance (Growing) et R sont les bactéries en phase de repos (Resting).
Le choix du modele est souvent empirique et dépend grandement de la richesse des données disponibles. Le

modele logistique permet en général de décrire les données de fagcon adéquate mais le modele incluant des
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bactéries en phase de repos insensibles a ’antibiotique permet de décrire un effet inoculum (i.e. une

efficacité réduite de ’antibiotique lorsque I’inoculum initial augmente).
VI1.3.b. Modeéles d effets

Le modele reliant la concentration en antibiotique et I’effet est le plus souvent un effet de type EmaxSigmoide,

tel que décrit dans 1’équation 8.

Emaxxc H
Effet = Bl vor Equation 8
OuU Emax est I’effet maximal, C la concentration en antibiotique, ECso la concentration en antibiotique
provoquant 50% de I’Emax et v la constante de sigmoidicité. Cette équation peut se simplifier en Emax NON
sigmoide (y = 1), en modele puissance (C* <<<EC50") ou en modele linéaire (y = 1 et C<<<ECso). La encore
le choix de modele d’effet est empirique et 1’on choisira généralement 1’équation permettant la meilleure

adéquation entre les prédictions du modele et les données.

En fonction des connaissances vis-a-vis du mécanisme d’action de 1’antibiotique étudié, le modéle d’effet

de I’antibiotique peut s’intégrer de différentes manieres au modele de croissance bactérienne :

dB EmaxXxCY

- = Kgrowen X (1- 7 +cv) X B — Kgeatn X B Equation 9
dB E. xcY .

o = Kgrowen X B — kaeaen X (1 + %) X B Equation 10
dB EmaxXCY .
e kgrowtn X B — Kgeatn X B — % X B Equation 11

Si I’on suppose que I’antibiotique ralentit la croissance bactérienne, on choisira 1’équation 9. Si au contraire
nous considérons que 1’antibiotique tue la bactérie, on pourra choisir 1’équation 10 ou 1’équation 11. Le
paramétre Emax s’interpréte différemment en fonction des paramétrisations. Dans 1’équation 9 il doit
s’interpréter comme un pourcentage maximal de réduction de la vitesse de pousse, dans I’équation 10 Emax
est un pourcentage maximal d’augmentation de la vitesse de mort bactérienne. Dans 1’équation 11 Epax est

une constante de vitesse de mort, de méme unité que Kgrowth et Kaeath.

VI1.3.c. Modéles de résistance

Les modeles de résistance bactérienne aux antibiotiques peuvent se décomposer en 2 grandes catégories.

Les modéles de sous-populations et les modéles d’adaptation.
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VILA.C.i. Modéles de sous-populations

knet knet
Bmax Bma
R

Effets Effetg
«— Antibiotique

A J

Figure 7. Exemple de modele de sous populations. S représente la densité bactérienne des bactéries sensibles, R représente la
densité bactérienne des bactéries résistantes, knet représente la constante de vitesse de croissance apparente des bactéries, Bmax
est la capacité maximale du systéme, Effets et Effetr sont les constantes de vitesse d’effet de I’antibiotique sur les bactéries
sensibles ou résistantes respectivement.

Dans ces modeles on considére notre population bactérienne comme un ensemble de 2 ou plus sous
populations ayant des sensibilités différentes a 1’antibiotique. La plupart du temps on considére que les
diverses sous-populations existent au début de 1’expérience et la proportion de chacune est estimée lors de
la modélisation [50]. Dans certains travaux, il a été considéré que ces sous-populations résistantes peuvent
apparaitre lors de I’expérience avec une constante de mutation estimée par le modéle [51]. Elles sont souvent

considérées stables mais une constante de réversion peut aussi étre estimée [52].

La différence de sensibilité peut se manifester comme une modification de I’ECso dans le cas ou le méme
effet maximal est atteignable en augmentant les concentrations en antibiotiques par rapport aux bactéries
sensibles. Si de fortes doses ne permettent pas d’atteindre 1’Emax initial, alors la résistance est modélisée

comme une modification de 1’Enax.
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VILA.C.ii. Modéles d’adaptation

kogs

kO?I

v

Antibiotique

Figure 8. Exemple de modéle d’adaptation. B représente la densité bactérienne, ARoff et ARon sont des compartiments virtuels
représentant la proportion de bactéries non adaptées ou adaptées respectivement, knet représente la constante de vitesse de
croissance apparente des bactéries, Bmax est la capacité maximale du systeme, Effet est le constante de vitesse d’effet de
’antibiotique sur les bactéries, kon est la constante de vitesse de passage de 1’état non adapté a I’état adapté, kot est la constante
de vitesse de passage de I’état adapté a l’état non adapté. La fleche rouge indique que la concentration en antibiotique augmente
la vitesse de passage de I’état non adapté a [’état adapté, la fleche bleue indique que la quantité ARon diminue la constante d ’effet
de I'antibiotique.

Une autre possibilité, est de considérer la population bactérienne comme homogéne, initialement
complétement sensible a 1’antibiotique, mais capable de développer une résistance une fois mise en contact
avec ce dernier. Une approche développée par Tam et al. [53] propose de modéliser 1’adaptation des
bactéries comme une augmentation de I’ECso en la multipliant par un facteur alpha donné par 1’équation

12:
a=1+px(1—e X>7) Equation 12

Ou B est le pourcentage maximal d’adaptation, C; la concentration en antibiotique, t le temps écoulé depuis

le début de I’expérience, et T la constante de vitesse d’adaptation.

Une approche développée par Mohammed et al. [54] propose de considérer les proportions de bactéries

adaptées et non adaptées comme des compartiments du modele, par exemple:

dARon

” kon X ARypf — korr X AR,y Equation 13

23



dAR, i
dtff = kops X ARon — kon X AR, Equation 14

Ey =Ej 0 X (1 —ARyy) Equation 15

Ou ARqn et AR représentent la proportion de bactéries adaptées et non adaptées respectivement, Kon et Kot
représentent la constante de vitesse de passage des bactéries de 1’état non adapté a 1’état adapté et vice-versa
respectivement, Ea est I’effet de la molécule A modifié par 1’adaptation et Eaest 1’effet de la molécule A

en absence d’adaptation.

Cette approche a I’avantage de rendre plus facile I’implémentation d’une réversion de I’adaptation (en
ajoutant une constante de réversion aux équations différentielles des compartiments concernés) ainsi que le

test de différentes fonctions reliant la vitesse d’adaptation et la concentration en antibiotique.

Les deux approches (sous-population et adaptation) sont en général capables, d’un point de vue statistique,
de décrire les données aussi bien I’une que 1’autre. Mais si les données disponibles pour la modélisation ne
sont que des comptes de bactéries totales, sans distinctions des potentielles sous-populations, une étude de
Jacobs et al. [55] montre que lors du développement du modéle, les critéres statistiques d’évaluation nous
ameneront a choisir le modéle de sous populations la plupart du temps. Cette étude met 1’accent sur le fait
gue le choix du modele de résistance ne peut étre purement basé sur des critéres statistiques mais doit se
baser sur des expériences mécanistiques, comme le comptage des sous populations de bactéries résistantes,
la détermination de la fréquence de bactéries résistantes au début de 1’expérience, le séquencage des

bactéries ou I’étude de leur expression génique.

L’approche d’analyse des données par modélisation mathématique a 1’avantage de prendre en compte
I’évolution de I’effet de 1’antibiotique au cours du temps et ne patit donc pas des mémes problemes que la
CMl ou les index PK/PD.

Cependant une contrainte associée avec 1’utilisation de ces méthodes est qu’il faut des données plus riches
et donc plus codteuses & obtenir que pour la CMI ou les index PK/PD, puisqu’il faut un suivi des
concentrations et de I’effet de ’antibiotique au cours du temps. Aussi il faut prendre en compte le temps de

développement du modéle qui est plus long que la simple analyse par index PK/PD.

Une fois développé, le modéle mathématique peut étre utilisé pour faire des simulations d’effet attendu dans
des conditions non testées (utilisation d’un autre schéma posologique, d’un autre inoculum bactérien...) ce

qui permet de prédire les schémas posologiques efficaces mieux qu’avec 1’utilisation des index PK/PD.
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VI1.B. Antibiotiques combinés

Face aux dangers de I’antibiorésistance et compte tenu du faible nombre de nouveaux antibiotiques,
I’association d’antibiotiques est de plus en plus utilisée a I’hdpital. En effet, 25 a 50% des patients souffrant
de bactériémie, d’infection du site opératoire ou de pneumonie, ainsi que plus de 50% des patients présentant
un choc septique dans un service de réanimation regoivent une combinaison d’antibiotiques [56]. Ces
combinaisons sont souvent choisies de maniére empirique, et leur intérét clinique reste débattu [56-59].
Cependant, les méta-analyses qui ne montrent pas de supériorité de la combinaison vis-a-vis de la
monothérapie se limitent aux traitement par des f-lactamines a large spectre et la combinaison peut
conserver un intérét dans le traitement des infections séveres a bactéries Gram-négatives pour lesquelles il

y a pénurie de traitements [60].

Il'y a donc un intérét a étudier la pharmacodynamie des combinaisons d’antibiotiques afin d’optimiser leur

utilisation.

Lors de I’étude des combinaisons, 1’objectif premier est de déterminer quelles combinaisons d’antibiotiques
sont intéressantes. Les combinaisons intéressantes sont les combinaisons dites synergiques, la synergie est
un terme trés général voulant dire « travaillant ensemble » et son opposé I’antagonisme signifie « travaillant
contre » [61]. Cette notion de synergie, a fait 1’objet de nombreuses revues et publications [61-63]. En

partant de ces définitions trés générales plusieurs paradigmes de synergie ont vu le jour.

Le plus simple de ces paradigmes et celui du highest single agent [64] (littéralement : agent le plus actif)
aussi appelé cooperative effect synergy [63] (littéralement : synergie par effet coopératif), il est illustré par
la figure 9. Dans ce contexte, une combinaison de molécules sera dite synergique si 1’effet de la combinaison
des deux molécules a des concentrations données est plus important que 1’effet de la molécule seule la plus

efficace a cette méme concentration. En termes mathématiques soit a la concentration de la molécule &2 et
b la concentration de la molécule B, E(a) et E(b) ’effet observé aprés administration de la molécule g# ou
B aux concentrations a ou b respectivement, une combinaison sera synergique si E(a+b) Ieffet de la

combinaison a ces concentrations est supérieur a I’effet de la molécule la plus efficace en monothérapie.

ot + Bestsynergique si E(a + b) > max(E(a), E(b))
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Figure 9. Représentation graphique de la synergie selon le paradigme du highest single agent. La droite en pointillés représente
leffet de la molécule la plus active (Drug A). La combinaison (Drug A + Drug B) est synergique car [’effet produit est plus grand
que Deffet de la molécule la plus active (Drug A) (d’aprés [64])

Ici I’effet de la combinaison est comparé a 1’effet maximum des monothérapies, mais d’autres paradigmes
ont utilisé d’autre références. Pour les plus populaires de ces paradigmes, I’additivité de Loewe [65] et
I’indépendance de Bliss [66], le point de référence est 1’effet attendu de la combinaison des deux molécules
combinées, en faisant différentes hypothéses en fonction du modele choisi, mais dans ces deux modeéles la
synergie est donc définie ainsi :

a? + Best synergique si E(a+b)observs > E(a+b)attendu

Ces deux paradigmes vont étre maintenant détaillés.
VII.B.1. Additivité de Loewe

Dans le contexte de I’additivité de Loewe on va chercher quelle quantité ou concentration de chaque
molécule produit le méme effet quantitatif que 1’autre afin de pouvoir construire une prédiction de I’effet
combiné des deux molécules dans I’hypothése d’une absence d’interaction, appelé additivité [64] .
L’additivité de Loewe repose sur deux principes, le principe d’équivalence des concentrations selon lequel
pour tout effet produit par une concentration a de la molécule £l existe une concentration b, de la molécule

B qui produira le méme effet. Cette hypothese implique que les deux molécules données seules produisent

le méme effet maximal, sinon une fois atteint I’effet maximal le plus faible on ne pourrait plus trouver de

concentration de la molécule la moins efficace produisant un effet plus grand. L autre principe est le principe
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de « fausse » (sham en anglais) combinaison qui dicte que 1’on peut produire 1’effet de la combinaison en

combinant I’un de ses composants avec lui-méme, mathématiquement si deux molécules sont additives :
E(at+b) = Ea(atan) = Eg(bath) =Eas  Equation 16

Avec Ea(atap) I’effet de la molécule o2 donnée seule a la concentration a+a, étant identique a 1’effet
Es(ba+b) produit par la molécule B donnée seule a la concentration by+b, étant identique a la combinaison

des deux molécules données aux concentrations a de g+ b de B .

Soit A la concentration de 2 donnée seule produisant 1’effet de la combinaison aux concentrations a+b,
Ene. B la concentration de B donnée seule produisant I’effet de la combinaison aux concentrations a+b,

Eae. Si I’on fait I’hypothése que pour tout effet de la combinaison Eag il y a proportionnalité entre les
concentrations A et B produisant le dit effet, on peut écrire ce ratio R = A/B.

En appliquant le principe d’équivalence des concentrations on peut écrire :
ata, = A Equation 17

En effet, la concentration A peut étre vue comme une combinaison de la molécule g2 a une concentration a

avec elle-méme a une concentration a, qui produirait un effet équivalent a une concentration b de la molécule

B En partant de I’hypothése de ratio constant de concentrations pour produire le méme effet, cette équation

peut donc s’écrire ainsi :
a+a,=Aea+bxR=A Equation 18

Et elle peut étre développée de fagon a obtenir 1’équation emblématique de I’additivité de Loewe :
a+a=Aca+bxR=Aca+bxs=Acs+l=1 Equation 19

Cette équation est populaire car trés facile d’utilisation, elle définit les conditions dans lesquelles les
molécules o2 et B testées seront considérées comme additives. Pour un effet donné, il suffit donc de
déterminer les concentrations de chacun des produits donnés seuls qui produisent cet effet (A et B) ainsi
que les concentrations qui permettent d’observer cet effet en combinaison (a et b), s’en suit le calcul de

I’index de combinaison (CI) défini grace a I’équation 20 ci-dessous.

Cl = +§ Equation 20

a
A
Si celui-ci est = 1 la combinaison est dite additive, elle produit I’effet escompté dans les conditions de

Loewe, si Cl >1 la combinaison est dite antagoniste et si Cl <1 la combinaison est dite synergique.

27



Un autre outil né de cette équation est une représentation graphique appelée isobologramme [61]. Elle
consiste a tracer un graphique avec pour coordonnées les concentrations en o et en B nécessaires pour
atteindre un effet donné et de tracer une droite d’équation b = B - a * R représentant les concentrations
nécessaires pour obtenir I’effet si la combinaison était additive. On peut ensuite sur ce graphique représenter
par des points les combinaisons de concentrations a + b permettant d’obtenir le niveau d’effet considéré, si
les points sont sous la droite d’additivité, la combinaison sera dite synergique, ou antagoniste si les points

sont au-dessus de cette ligne. Une représentation graphique tirée de [64] :

(B) Isobologram analysis
foe] W o
7
@
0
[=e}
T Antagonism
o $ (Cl=1)
o
=2
Y Additivity
s 9| ©l=1
o @
@ =
= Synergy
o {cl<1)
o
al" n -1
ol ia. by
o
(=}
+ —
i}
o T T T T T
Oe+00 2e-10 4e-10 6e-10 8e-10

Dose of drug A

Figure 10. Isobologramme. Pour un effet donné (par exemple 50% de [’effet maximal) sont représentées les concentrations de o2
nécessaires pour l’obtenir (en abscisse) et les concentrations de B nécessaires pour I'obtenir (en ordonnée). Une ligne de non
interaction (ici appelée « Additivity ») est tracée en reliant les points représentant les concentrations d antibiotiques seuls
produisant leffet (les carrés bleus et jaunes) puis pour un point est placé pour la combinaison de concentrations testée (le point
violet). Celui-ci se trouvant sous la droite de non interaction, la combinaison est considérée synergique (d’aprés [64] )

Les équations de 1’additivité de Loewe et les outils en découlant (Cl et isobologrammes) ont été étendus
aux situations ou le ratio de concentrations nécessaires pour produire 1’effet n’était pas constant, et ou I’effet

maximal des deux molécules était différent [67—69].
Exemple numérique illustrant [’additivité de Loewe

Soit deux molécules 2 et B, dont les effets suivent un modele Emax sigmoide avec pour parametres :
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Emax,A = Emax, g=1 ; ECso,A: 0.1 mg/L et ECso,B =1 mg/L Y= 0.5

Soient a et b les concentrations de £ et B utilisées en combinaison. A la concentration de & qui a le méme

effet seul que les concentrations a et b associées.
E(A) = E(a + b) Equation 21

Soit a la concentration de ¢ qui a le méme effet que b. D’apreés les hypothése d’additivité de Loewe on a,

et si on calcule R, le ratio de concentrations de a et b donnant le méme effet, a partir du ratio des ECsp on

a:

A=a+a,=a+b

ECSOa a b -
=E (— ) Equation 22
BCoon - U5% \Bes, T Bosgn g

On peut alors calculer I’effet de la concentration A de # correspondant a I’effet de a+b en association

comme :

b Y

EmaxAxEc§03<ECa o )

E(a+b)=E,(A)= ——
EcY+EcV(a+b>
50a 50a EC50,  ECsqp

Equation 23

y
a b
x(2 4+ 2
maxA (EC50a+EC50b)

2
b
1+(L+—)
EC50a  EC50p

E
Soit E(a+b)=

Equation 24

Par exemple pour a=0.1 mg/L et b=1 mg/L (les 2 valeurs d’ECsp) on a

0.5

o

E(a+b)=1x(°i~59°/E tion 25
01 1 0.5 ™~ 0 qua IOn
1+(—1+

[
—

o
=
N—

Si on prend a=0.1 mg/L et b=0.1 mg/L on a E(a+b) = 0.51
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La figure 11 donne une représentation graphique de ’effet attendu de la combinaison par rapport aux effets
des molécules données seules. Pour simplifier la représentation les concentrations a et b utilisées en

combinaisons sont identiques.
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Figure 11. Représentation graphique de I’effet attendu de la combinaison des molécules gt et B sous I’hypothése de I’additivité
de Loewe. .

VIIL.B.2. Indépendance de Bliss

L’autre méthode pour établir une prédiction de I’effet attendu de la combinaison de deux molécules
combinées est appelée I’indépendance de Bliss [66]. Dans ce paradigme on fait I’hypothéses que les deux
molécules utilisées agissent sur des sites d’action indépendants. L’équation donnant I’effet attendu d’une

combinaison additive, tirée des statistiques est la suivante :
E(a + b)gttenau = E(a) + E(b)- E(a) X E(b) Equation 26

Ou E(atb) est I’effet de la combinaison aux concentrations a + b, E(a) est I’effet de la molécule £ a la
concentration a et E(b) est ’effet de la molécule B a la concentration b. Pour que cette équation soit

applicable il faut que les effets soient exprimés en fraction de 1’effet maximal, allant de 0 a 1. Il faut donc
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normaliser les effets sur 1’effet maximal. Si les deux molécules ont des effets maximum différents, il faut

normaliser les effets sur 1’effet maximal le plus élevé.

Comme pour I’additivité de Loewe, il est possible de calculer un CI dont la formule est la suivante :

E(a)+E(b)-E(a)XE(b)
E(a+b)opserve

Cl =

Equation 27

Son interprétation est identique au CI calculé sous 1’additivité de Loewe, a savoir CI<1 signifie synergie et
CI>1 signifie antagonisme. En revanche il n’existe pas de représentation graphique spécifique a

I’indépendance de Bliss équivalente aux isobologrammes de Loewe.

C’est en se plagant dans 1’un de ces deux paradigmes que les résultats d’expériences étudiant la PK/PD des

combinaisons d’antibiotiques seront analysées.
Exemple numérique illustrant I’additivité de Bliss

Sil’on reprend les deux molécules g# et B utilisées dans I’exemple illustrant 1’additivité de Bliss ayant les

mémes relations concentration-effet et les mémes parametres, a savoir :
EmaxA = Emax. 8 =1 ; ECs0a= 0.1 mg/L et ECsog =1 mg/L ; y=0.5

Si la combinaison des deux molécules est considérée comme additive en partant des hypothéses de Bliss,

’effet attendu de la combinaison est donné par 1’équation 19, rappelée ici :
E(a+ b)attenau = E(a) + E(b)- E(a) X E(b) Equation 28

Ou E(atb) est I’effet de la combinaison aux concentrations a + b, E(a) est I’effet de la molécule £ a la

concentration a et E(b) est I’effet de la molécule B a la concentration B.

Par exemple pour a=0.1 mg/L et b=1 mg/L (les 2 valeurs d’ECsp) on a

EmaxaX@” | EmaxpXbY  Emaxaxa’ _ EmaxpXbY

E(a+b) = Equation 29
(a+b) ECY ,+a¥ ~ ECY p+bY  EC! ,+av T ECY p+bY g
1x0.1%5 1x105 1x0.1%5 1x1%5 .
E(a + b) T 0.105+0.105 | 1054105  1054+0105 ** 1054105 0.75 Equation 30

A noter que dans ce cas puisque Emaxa = Emax, 8 = 1, il n’est pas nécessaire de normaliser par Emax.

De méme si a=0.1 mg/L et b=0.1 mg/L on a E(a+b) = 0.62
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La figure 12 donne une représentation graphique de ’effet attendu de la combinaison par rapport aux effets
des molécules données seules. Pour simplifier la représentation les concentrations a et b utilisées en

combinaisons sont identiques.
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Figure 12. Représentation graphique de l'effet attendu de la combinaison des molécules g et B sous I’hypothése de
l’indépendance de Bliss. .

Comparaison des exemples d’application de Loewe et Bliss

Si I’on reprend nos deux molécules A et B et que 1’on calcule I’effet attendu pour des concentrations a et b
égales aux ECso des molécules administrées seules, en supposant toujours que la combinaison est additive

selon les critéres de Loewe et de Bliss, on constate une différence d’effet attendu. En effet :

ECSO,A+ECSO,B

1x
Hypothése de Loewe : E(a + b) = w =2~59%
1+( 0.A, 50,B> 3

ECs0,4 ECs0,B

Equation 31

Hypothese de Bliss : E(a + b) = 0.5 + 0.5- 0.5 x 0.5 = 75% Equation 32

La figure 13 présente graphiquement ces différences d’effet attendu :
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Figure 13. Représentation graphique de la différence des effets attendus de la combinaison des molécules # et B en fonction

I’hypothése d’interaction posée. La zone rouge représente les valeurs d’effet pour lesquelles on concluerait a un antagonisme
selon ['indépendance de Bliss mais a une synergie selon ’additivité de Loewe.

La zone rouge péle, met en évidence les valeurs d’effet observés pour lesquelles on conclurait a un
antagonisme (effet plus faible qu’attendu en cas d’additivité) si I’on suivait les hypothéses de Bliss alors
que I’on conclurait & un une synergie (effet plus fort qu’attendu en cas d’additivité) si ’on suivait les

hypotheses de Loewe.

Cette dépendance de I’interprétation des résultats sur le paradigme utilisé a déja été discutée par Rao et
al.[70]

VII.B.3. Checkerboards

L’expérience de base d’étude de la PK/PD de combinaisons d’antibiotiques est 1’expérience dite de
« checkerboard » (damier en anglais). C’est 1’extension de la détermination de la CMI aux combinaisons
d’antibiotiques. Ce plan expérimental permet de tester une importante gamme de concentrations
d’antibiotiques en combinaison en peu de temps. Il consiste a préparer dans une plaque 96 puits des dilutions

sérielles des deux antibiotiques un en colonne et 1’autre en lignes (cf. figure 11), puis d’ajouter une densité
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bactérienne connue de bactéries. Cette plaque est ensuite incubée a une température et pendant une durée
dépendant de la bactérie (i.e. 20h & 37°C pour Acinetobacter baumannii) puis la croissance est évaluée

optiquement.

2,00
1.00
0.50
0.25
0.12
0.06 |
0.00
A 0.00 0.06 0.12 0.25 0.50 1.00 2.00
D R U G B

@ C 3O

Figure 14. Exemple de plaque de checkerboard. La plus forte concentration en molécule A est préparée dans la premiére ligne
(en haut) puis diluée au demi jusqu’a I'avant derniére ligne, la derniére ligne permet la détermination de la CMI de la molécule
B. Le méme procédé est effectué pour la molécule B mais en partant de la derniére colonne (a droite). Les zones grises
représentent les puits pour lesquelles une pousse des bactéries est observée.(d aprés [71])

Pour chaque puits pour lequel la pousse bactérienne est inhibée on peut calculer le Fractional Inhibition

Concentration Index (FICI) en suivant la formule suivante :

a
FICT = MICy, + MICg

Equation 33

Le FICI n’est autre que le CI dérivé des equations de Loewe. Une fois le FICI calculé pour tous les puits ou
la pousse est inhibée il est en général reporté le FICI le plus bas observé sur la plaque[72]. Ce FICInin est
ensuite interprété en suivant la régle suivante définie par le journal JAC [73]: FIClnin<= 0.5 : combinaison
synergique, FICImin> 4 combinaison antagoniste, 0.5 < FICInin <=4 : pas d’interaction. Certains auteurs[74],
dans un souci d’avoir une mesure plus représentative de 1’effet observé sur toute la plaque 96 puits
considérent un FICI moyen (FIClmean) qui s’obtient en faisant la moyenne des FICI calculés a partir des puits
a I’interface de la ligne pousse/inhibition de pousse. L’interprétation du FICImean €St la méme que celle du
FICImin,

La technique des checkerboards se reposant sur des dilutions sérielles de raison 2, et sur une lecture optique
partage les mémes problémes que la CMI vis-a-vis de I’imprécision des mesures. Ceci se traduit par une

variabilité dans les résultats observés par Rand et al. [75], qui recommande de faire au moins 5 réplicats

34



dont 80% donnent le méme résultat vis-a-vis de la synergie étudiée afin de pouvoir conclure en utilisant

cette technique.

VII.B.4. Index PK/PD en combinaison

De multiples approches ont été proposées pour étendre les index PK/PD aux combinaisons d’antibiotiques.
Par exemple il a été fait la somme des AUC/MIC des antibiotiques seuls afin d’obtenir un index de la

combinaison [76,77].

Mouton et al.[76] ont utilisé une combinaison linéaire des index prédicteurs de 1’effet en monothérapie. Par
exemple pour 1’étude de I’efficacité de la combinaison de la ticarcilline avec la tobramycine dans un modeéle
d’infection murin de la cuisse, un modéle linéaire combinant T>0.25*MIC pour la ticarcilline et Log(AUC)

pour la tobramycine (voir Equation 34) s’est avéré prédictif de I’efficacité de la combinaison.
CFU/g(t = 24R) = By x (T > 0.25 * MIC) + B, X log(AUC) Equation 34

Den Hollander et al. [78] ont proposé de nouveaux index PK/PD spécifiques aux combinaisons. L approche
est similaire aux index PK/PD utilisés pour les monothérapies, tout d’abord, pour chacun des antibiotiques

une CMI en combinaison (MICcompi) est déterminée en utilisant la technique des E-tests (Figure 12).
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Figure 15. Détermination des CMI en combinaison par la méthode des E-tests. Les bandelettes contenant les antibiotiques T et C
sont placées orthogonalement, sur une gélose inoculée avec la bactérie a tester. Les limites de la zone d’inhibition vont permettre
de déterminer les CMI en combinaison (d’aprés [78])

Aussi, des checkerboards ont été réalisés afin de déterminer pour chaque combinaison le FICI. Enfin les
concentrations en antibiotique ont été utilisées pour calculer un FICcomsi tout au long de I’expérience
(Equation 35) :

Cy(t cg(t)
FICcombi(t) = £al®) + 2=

Equation 35
MIC4, = MICg

Quatre index PK/PD ont été construits : le logarithme décimal de I’aire sous la courbe FICcompi(t) (10910
AUCk() ; le logarithme décimal du FICcmsi maximal (Cuax-ric) ; le pourcentage du temps pendant lequel
les concentrations des antibiotiques sont supérieures a la CMI en combinaison (% T>MICcowms), €t le
pourcentage du temps pendant lequel le FICcombi est supérieur au FICI (% T>FICI). La corrélation entre ces

index et la différence entre la densité bactérienne a 24h et au début de 1’expérience est ensuite examinée.

Cependant ces approches partagent les méme défauts que les index PK/PD pour antibiotiques seuls, avec
un niveau de complexité supplémentaire, rendant la détermination de schémas posologiques optimaux
difficile[79].

VII.B.5. Modélisation des combinaisons

Les modeles semi-mécanistiques développés pour I’analyse de 1’effet des antibiotiques donnés seuls peuvent

étre étendus aux combinaisons, par modification des fonctions régissant ’effet sur les bactéries. Afin de
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pouvoir définir une équation régissant 1I’effet combiné des deux molécules il s’agit tout d’abord de se mettre

dans I’un des paradigmes cités précédemment.

Greco et al.[80] ont proposé en 1990 une équation basée sur 1’additivité de Loewe, permettant de relier les
concentrations en 1-B-D-Arabinofuranosylcytosine, en cisplatine et la densité en cellules tumorales
observées. Cette équation a été ensuite généralisée[62] pour une application a tout type d’effets, notamment

pour les combinaisons d’antibiotiques :

D D axXDq XD .
1= L -+ 2 -+ — Equation 36
_E \m _E \my E_ \zxmy taxmy
ICs01 X(Emax—E) I€s0,2% (Emax—E) I€s50,1%1Cs0,2 X(Emax—E)

Ou D; est la dose de I’antibiotique i, ICsoiest la dose de i qu’il faut pour observer la moitié de 1’effet maximal
Emax, Mi €St une puissance représentant la sigmoidicité de la courbe concentration-effet de 1’antibiotique i,
et aest une facteur représentant le niveau de synergie (a=0: pas d’interaction, a<0 antagonisme, o>0
synergie). Cette équation (ou une simplification de celle-ci) a été utilisée dans deux modeles PK/PD étudiant
les antibiotiques[51,81]

Plus récemment, une approche dérivée de I’indépendance de Bliss a été utilisée par Wicha et al.[82] pour
I’étude de la combinaison du méropénéme et de la vancomycine contre Staphylococcus aureus. Nous ne
discutons ici que de I’effet sur les bactéries en phase de croissance (GRO dans la publication) et I’expression
de l’effet du méropénéme est simplifiée. L’effet des molécules prises seules est exprimé comme une

réduction de la constante de vitesse de duplication des bactéries (Kqouw) €t peut étre exprimé ainsi :
kdoub = kdoub,O X EMER Equation 37
kaoup = kdoub,o X Eyan Equation 38

Avec Kgounola constante de vitesse de duplication des bactéries en absence d’antibiotique, Emer €t Evan la

réduction relative de kqoun €n présence de méropénéme ou de vancomycine, respectivement.
L’effet combiné des molécules est exprimé comme la multiplication des effets en monothérapie :
E.ompine = E1 X E,  Equation 39

Et Kaoub s’ exprime ainsi : Kgoup = Kgoun,0 X Ecompine EQuation 40

Une autre approche, plus simple, est d’additionner les effets observés en monothérapie pour obtenir 1’ effet

de la combinaison et ce, pour chaque sous population :

Eagi=Eni+ Eg; Equation 41
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Cette approche simple a été appliquée dans de multiples articles[83-85].

Cette approche a été modifiée en faisant I’hypothése que 1’un ou 1’autre (voire les deux) des antibiotiques
modifiait ’effet de I’antibiotique qui lui était associé. Cette interaction entre les antibiotiques associés a pu
étre modélisée comme une modification de I’Emax de I’autre antibiotique [86,87] ou comme une modification
de I’ECso de I’autre antibiotique [84,88,89].

Une équation empirique a été développée par Mohamed et al.[90] :

Exp = E4 X (1 +—28 )mt + Eg X (1 + E—A)mt Equation 42

Ep+Ep Es+Ep

Dans cette équation Int est un parametre représentant I’interaction entre les deux molécules, si Int=0
I’équation se réduit en I’équation xx d’addition des effets. Si Int <0 les molécules sont dites antagonistes et

si Int >0 les molécules sont dites synergiques.

L’approche la plus récente, proposée par Wicha et al.[91] appelée General PharmacoDynamic Interaction
model (GPDI model) a été développée. Cette approche, est compatible avec I’additivité des effets (Equation
41), ’indépendance de Bliss (Equation 26) ainsi que I’additivité de Loewe (Equation 23). Cette approche
repose sur une modification de I’expression des effets en monothérapie de telle fagon a ce que 1’un des

parametres (Emax, ECso) soit fonction de la concentration de 1’autre antibiotique, par exemple :

Hy
E AXC .
E = R o Equation 43
H
INT gpxCpNTAB Hy
ECs0 aX| 1+ +C
z ECHINT,AB + HINT,AB A
50,INT,ABT“B
Hp
E BXC .
= TS B Equation 44

v HINT BA "
(EC50'3X<1+ I{II\IIIC?;:CA HI;VT BA)) +CII;B
50INT,BATCA

Ou INT ag est le paramétre d’interaction de B sur A, si INTag = 0 pas d’interaction de B sur A, si INTag >0
B augmente I’ECso de A donc antagonisme, si INTag <0 B diminue I’ECso de A donc synergie. ECso,inT.A8
est la concentration en B nécessaire pour observer 50% de I’interaction maximale INTag, €t Hintag €St Un
facteur de sigmoidicité. Dans leur travail Wicha et al. appliquent cette approche a des données de 200
combinaisons (paires d’antibiotiques) chez Saccharomyces cerevisiae et notent que seulement 11% des
interactions observées sont bidirectionnelles, montrant de ce fait I’intérét d’une approche pouvant identifier

les interactions monodirectionnelles.
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VII11. Objectif de la these

Dans le contexte actuel ou il est important d’optimiser les antibiotiques a notre disposition et de rationaliser
I’utilisation des combinaisons d’antibiotiques, 1’objectif général de cette these est de montrer 1’apport de la
modélisation semi-mécanistique dans 1’étude PK/PD des antibiotiques donnés seuls et en combinaison et

dans la lutte contre les bactéries résistantes.
Pour y parvenir deux études seront présentés :

1. Une étude de la PK/PD de la céfoxitine contre une souche de Mycobacterium abscessus. Dans une
premicre partie, il a été montré que 1I’administration de la céfoxitine par nébulisation permet
d’obtenir des concentrations pulmonaires 1000 fois plus importantes qu’apres une administration
intraveineuse, faisant de la céfoxitine un bon candidat a la nébulisation. Dans la seconde partie un
modele PK/PD semi-mécanistique a été développé a partir de données in vitro, ce qui permet
d’identifier la relation concentration-effet pour deux sous-populations bactériennes tout en tenant

compte de la dégradation de la molécule.

2. Une étude de la PK/PD de I’association polymyxine B et minocycline contre une souche
d’Acinetobacter baumannii résistante a la polymyxine B. Cette étude in vitro comprend des données
de bactéricidie avec suivi de la densité de bactéries résistantes a la polymyxine B, enrichies
d’expériences complémentaires servant a préciser les caractéristiques de cette sous-population
résistante. Ces données ont toutes été analysées par modélisation PK/PD semi-mécanistique, ce qui
a notamment permis de quantifier I’importance de |’interaction entre les deux molécules et de

formuler des hypothéses sur les mécanismes de cette interaction.
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IX. Mycobacterium abscessus
IX.A. Mycobactéries a croissance rapide

Les mycobactéries sont divisées en deux groupes principaux, le complexe Mycobacterium tuberculosis
d’une part, et les bactéries non tuberculiniques d’une autre part. Parmi ces derni¢res, le complexe
Mycobacterium abscessus fait partie des mycobactéries dites a croissance rapide. On parle de complexe car
trois sous-espéces ont été identifiées, M. abscessus subsp. abscessus, M. abscessus subsp. massiliense et M.
abscessus subsp. bolletii. Les deux sous-espéces majeures, abscessus et massiliense différent vis-a-vis du
géne erm(41) responsable d’une résistance intrinséque aux macrolides chez la sous-espéce abscessus alors
que massiliense y est sensible [92]. La sous-espéce abscessus et la sous-espéce massiliense sont retrouvés
en proportion similaires dans les échantillons cliniques [93] tandis que la sous espéce bolletii est rarement
isolée [94].

La prévalence de ces infections est a géographie variable. A cause de difficultés d’identification, les études
épidémiologiques font parfois référence aux infections dues au complexe M. abscessus/chelonae, par
exemple, aux USA il a été montré que ce complexe était responsable de moins d’une infection pulmonaire
par 100 000 habitants [95]. En revanche en Asie du Sud-Est la prévalence est plus importante, atteignant
par exemple 1.7 cas pour 100 000 habitants a Taiwan [96].Cette infection rare est responsable d’infections
des tissus mous, de la peau et d’infections pulmonaires chez les patients immunodéprimés, notamment ceux
atteints de la mucoviscidose [97-99] et est associée a un mauvais pronostic avec une mortalité a I’hopital
de 15.7% [100]. Le traitement standard dans les infections a M. abscessus est la clarithromycine associée a
un aminoside (e.g. amikacine) et une B-lactamine (e.g. céfoxitine ou imipéneme). Cependant, M. abscessus
est capable d’exprimer de nombreux génes de résistance et a été qualifié de « cauchemar pour
antibiotique »[99], e.g. 80% des souches sont résistantes a la clarithromycine, ce qui associé au mauvais
pronostic justifie la nécessité de nouvelles études sur le traitement de ces infections, notamment 1’étude de
combinaisons. La céfoxitine et I’amikacine sont les deux molécules ayant montré la meilleure efficacité in
vitro contre M. abscessus[101-103]. Dans I’article 1 nous avons évalué I’efficacité in vitro de la céfoxitine

contre M. abscessus, il convient donc de présenter cette molécule d’abord.

IX.B. Cefoxitine

La céfoxitine est une céphamycine semi-synthétique dont la formule chimique est donnée par la figure 16.
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Figure 16. Formule chimique de la céfoxitine (d'aprés [104])

IX.B.1. Mécanisme d’action

La céfoxitine inhibe la synthése du peptidoglycane en se liant aux D,D-transpeptidases aussi appelée
protéines liant les pénicillines, enzymes permettant la finalisation du peptidoglycane bactérien. Chez les
mycobactéries cette étape est principalement due aux L,D-transpeptidases et il a été montré que la

cefoxitine se liait aussi a ces enzymes[105]
IX.B.2. Spectre antibactérien et indications

La cefoxitine présente un large spectre antibactérien qui comprend des bactéries Gram + (Streptocoques et
staphylocoques), des bactéries Gram — (Escherichia coli, Proteus mirabilis, Klebsiella pneumoniae)
certaines bactéries anaérobies ainsi que certaines mycobactéries non tuberculeuses telles que M.
abscessus. En clinique, cette molécule est indiquée en antibioprophylaxie chirurgicale et dans le traitement

des infections dues a M. abscesssus, M. fortuitum et M. chelonae[106].
IX.B.3. Mécanismes de résistance

La céfoxitine est insensible a la majorité des béta-lactamases y compris celles de spectre étendu[107].
Cependant elle reste susceptible aux béta-lactamases de la famille AmpC, et est méme un inducteur de
leur production[108], ce qui se traduit notamment par un antagonisme lorsque la molécule est associée

avec une béta-lactamine susceptible d’étre dégradée par AmpC[109].
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IX.C. Article 1: Pre-clinical pharmacokinetic and pharmacodynamic data to support
cefoxitin nebulization for the treatment of Mycobacterium abscessus.
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ABSTRACT Mycobacterium abscessus is responsible for difficult-to-treat chronic
pulmonary infections in humans. Current regimens, including parenteral adminis-
trations of cefoxitin (FOX) in combination with amikacin and clarithromycin, raise
compliance problems and are frequently associated with high failure and devel-
opment of resistance. Aerosol delivery of FOX could be an interesting alternative.
FOX was administered to healthy rats by intravenous bolus or intratracheal neb-
ulization, and concentrations were determined in plasma and epithelial lining
fluid (ELF) by liquid chromatography-tandem mass spectrometry. After intrapul-
monary administration, the FOX area under the curve within ELF was 1,147 times
higher than that in plasma, indicating that this route of administration offers a
biopharmaceutical advantage over intravenous administration. FOX antimicrobial
activity was investigated using time-kill curves combined with a pharmacoki-
netic/pharmacodynamic (PK/PD) type modeling approach in order to account for
its in vitro instability that precludes precise determination of MIC. Time-kill data
were adequately described by a model including in vitro degradation, a sensitive
(S) and a resistant (R) bacteria subpopulation, logistic growth, and a maximal
inhibition-type growth inhibition effect of FOX. Median inhibitory concentrations
were estimated at 16.2 and 252 mg/liter for the S and R subpopulations, respec-
tively. These findings suggest that parenteral FOX dosing regimens used in pa-
tients for the treatment of M. abscessus are not sufficient to reduce the bacterial
burden and that FOX nebulization offers a potential advantage that needs to be
further investigated.

KEYWORDS Mycobacterium abscessus, cefoxitin, nebulization, pharmacokinetics-
pharmacodynamics

ycobacterium abscessus is the most frequent rapidly growing mycobacteria in

human pathology (1). This emerging pathogen is mainly responsible for chronic
pulmonary infections in patients with cystic fibrosis (1) and is considered a “new
antibiotic nightmare” because of its intrinsic resistance to a broad range of antibiotics,
including classical antituberculous agents such as ethambutol, pyrazinamide, and
isoniazid (2). Presently there is no reliable antibiotic treatment to cure M. abscessus
pulmonary infections (2-4). In fact, treatment for pulmonary infections caused by M.
abscessus is not well standardized yet (4, 5). It consists of intravenous (i.v.) administra-
tion of amikacin (AMK) and cefoxitin (FOX) in combination with oral administration of
clarithromycin (CLR) for several months (4). Unfortunately, this treatment is associated
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FIG 1 Observed mean concentration = SD versus time profiles of FOX following i.v. (A) and NEB (B) treatment.
Closed symbols correspond to the total plasma concentrations, and open symbols represent ELF concentrations.

with high failure rates, showing infection relapse or death (6). Furthermore, long-term
treatments, from several months to a year, with parenterally administered antibiotics
are not only challenging and relatively costly but also responsible for low compliance
(4). In this context, alternative routes of administration, such as aerosol delivery, should
be considered. Nebulization (NEB) is more convenient than i.v. administration and
results in higher lung concentrations, and higher efficacy, along with limited systemic
side effects, may be achieved (7).

A recent series of well-controlled experiments in healthy rats have shown that
antibiotics, such as fluoroquinolones (8), with high membrane permeability are rapidly
absorbed after NEB, whereas compounds with much lower membrane permeability,
such as colistin (CST) (9), aztreonam (ATM) (10), tobramycin (TOB) (11), gentamicin
(GEN), and AMK (12), are slowly absorbed after NEB, leading to high sustained local
concentrations, and much higher pulmonary epithelial lining fluid (ELF) concentrations
of GEN after NEB than i.v. administration have recently been reported in critically ill
patients (13). A simple rule to be considered is that antibiotics that cannot be admin-
istered orally, because of poor oral bioavailability due to limited membrane permea-
bility, are, for that same reason, the best candidates for aerosol delivery to treat
pulmonary infections. Interestingly, FOX and AMK are rather hydrophilic and are not
substantially absorbed after oral administration because of their limited membrane
permeability. All of these parameters make FOX as well as AMK good candidates for
NEB (12). However, if FOX and AMK present similarities in terms of pharmacokinetics
(PK), including low volume of distribution and mostly renal elimination, they do not
share similarities in terms of pharmacodynamics (PD). Aminoglycosides, including AMK,
are considered to be concentration dependent, whereas B-lactam antibiotics such as
FOX are usually supposed to exhibit time-dependent activity (14). Moreover, charac-
terization of FOX activity against M. abscessus is made difficult due to its rapid
degradation (15, 16) and has been reported only on rare occasions (17-19). Therefore,
the objective of this study was first to compare the intrapulmonary PK of FOX after NEB
and i.v. administration to healthy rats and then to characterize its in vitro PD against a
selected strain of M. abscessus.

INH3ISNI 1B 6102 ‘22 1snbny uo /610" wse-oee//:dily WO} PaPEOjUMO(]

RESULTS

Pharmacokinetics in healthy rats. FOX concentration-time profiles after i.v. ad-
ministration and NEB are presented in Fig. 1. After i.v. administration, FOX concentra-
tions were almost superimposed in plasma and ELF except at early times due to
distribution within ELF. Accordingly, FOX exposure in ELF and plasma was comparable
(mean areas under unbound concentration-time curve from time zero to infinity in
plasma [AUC,, ,jasmal and ELF [AUC, ¢ ¢] of 107 h-ug/ml and 103 h-ug/ml, respectively),

July 2019 Volume 63 Issue 7 e02651-18 aacasm.org 2



Cefoxitin Nebulization against Mycobacterium abscessus

1000 -
-?JD 100 1 .2
£ As
2 32
2 |
£ + 64
=
51 ® 128
5 )
S ! * 512

0.11

o 1 2 3 4 5 6 1

Time (days)

FIG 2 Observed concentration versus time profiles of FOX in 7H9 broth. Initial concentrations of FOX are
in mg/liter and indicated by different symbols.

corresponding to a ratio of 1.04. Estimated elimination half-lives in ELF (t,,, = 0.19 h)
and plasma (t,,, = 0.23 h) were also virtually identical. After NEB, FOX concentrations
were much higher within ELF than in plasma, with AUC, g of 119,289 h-ug/ml and
AUC,, piasma Of 104 h-pg/ml, corresponding to a ratio of 1,147. Noticeably, AUC,, jasma
was identical after NEB and i.v. administration, but the AUC, ¢  was 1,113-fold higher
after NEB than after i.v. administration. Again, ELF and plasma concentrations de-
creased approximately in parallel with time after NEB (Fig. 1), with corresponding
half-lives estimated at 1.54 h and 1.23 h, respectively, which is at least 6 times longer
than that after i.v. administration.

In vitro FOX degradation. FOX degradation followed first-order kinetics with a
half-life estimated at 1.5 days (Fig. 2).

In vitro pharmacodynamics. (i) Time-kill kinetics assay. The first series of time-kill
experiments showed no effect for initial FOX concentrations equal to or lower than
16 mg/liter. An initial CFU decay followed by regrowth was observed at day 2 for initial
concentrations equal to 32 mg/liter and at day 6 for initial concentrations equal to
64 mg/liter. A decay without regrowth over 8 days was observed for initial concentra-
tions above 128 mg/liter (Fig. 3A). The second series of time-kill kinetics showed that a
CFU decay followed by a regrowth occurs for initial FOX concentrations between 12

(A) ~&- Control (B)
-2
81 A4 8
a —-3 =)
E =16 E
2 6 2 6
) e <
S ---64 S
= )
= 4128 =
4 4
256
<512
A —r — 1024 2
0 2 4 6 8
Time (days) Time (days)

FIG 3 Representative results of FOX time-kill curves against M. abscessus CIP 104536 strain. Initial concentrations
of FOX are in mg/liter and indicated by different symbols. The ordinate shows the change in the number of CFU
(log,, scale) per ml of broth. The limit of quantification was 200 CFU/ml (2.3 in log, ). (A) First series of experiments.

(B) Second series of experiments.

July 2019 Volume 63 Issue 7 e02651-18

~&- Control
--12
—4-20
—-30

-=-45

-=-115
-2-175

Antimicrobial Agents and Chemotherapy

aacasm.org 3

INH3ISNI 1B 6102 ‘22 1snbny uo /610’ wse-oee//:dily Woi} PaPEOjUMO(]



Mehta et al.

FOX
inhibit inhibit
k

g

max

ICs0g ICsor

kq kq

FIG 4 Schematic diagram of the final PK/PD type model. Bacteria multiplied with a first-order rate
constant (K,) in the susceptible (S) and resistant (R) bacterial compartment, and all bacteria had natural
death rates (K,). The cefoxitin compartment (FOX), with a first-order elimination rate (ke), was driving to
the bacterial growth inhibition following an I, model.

and 175 mg/liter and that time to regrowth increased with the initial FOX concentra-
tions (Fig. 3B).

(ii) Time-kill modeling. Initially the first series of time-kill kinetics experiments was
analyzed using a growth inhibition I, ,,,. (maximal inhibition) model, with Hill coefficient,
with a single homogenous population of bacteria (see the supplemental material). After
pooling the two time-kill data sets, a growth inhibition | ,,, model with two subpopu-
lations (Fig. 4), susceptible (S) and resistant (R), best described the experimental data.
Visual predictive checks (VPCs) with observed and simulated CFU, with 80% prediction
interval, show that model predictions fit the experimental data well, except at a
45-mg/liter initial FOX concentration (Fig. 5). Pharmacodynamics (PD) parameter esti-
mates are presented in Table 1. Noticeably, the difference in susceptibilities of the two
bacterial subpopulations is reflected by a 50% inhibitory concentration for the resistant
subpopulation (IC5,g) 15-fold higher than the IC;, for the susceptible subpopulation
(ICs0s)-

(iii) Simulations of CFU versus time profiles without FOX degradation. Accord-
ing to simulations, FOX has no effect on both the S and R subpopulations at a
concentration equal to 10 mg/liter and an effect on the S subpopulation only at
concentrations equal to 20, 100, or 200 mg/liter (Fig. 6). FOX has no effect on the R
subpopulation at concentrations of 20 and 100 mg/liter but has an effect followed by
regrowth at a concentration of 200 mg/liter. Complete bacterial killing is expected at
300 mg/liter.

DISCUSSION

The initial PK part of this study has clearly demonstrated a major effect of the route
of administration on FOX concentrations within ELF. The targeting advantage (TA)
provided by NEB, corresponding to the ratio of AUC, ¢ . after NEB versus after i.v.
administration and reflecting the relative increased FOX exposure within ELF after NEB,
was close to a thousand (TA of 1,113). This high TA is consistent with values previously
reported under similar experimental conditions: 242, 2,673, 874, and 162 for TOB (11),
ATM (10), AMK, and GEN (12), which are all antibiotics with low membrane permeability
precluding oral administration. By comparison, for ciprofloxacin (CIP) and moxifloxacin
(MXF), two fluoroquinolone antibiotics with high membrane permeability allowing oral
administration, the ratio of AUC,, g, ¢ after NEB versus that after i.v. administration were
close to unity (TA of 1.2 for CIP and TA of 0.95 for MXF) (8), suggesting limited, if any,
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FIG 5 Visual predictive checks (VPCs) for the final PK/PD type model of FOX against M. abscessus CIP 104536 with observed bacterial
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growth control and experimental data by time-kill kinetics. The indicated concentrations are the initial FOX concentrations. The line
shows the limit of quantification (200 CFU/ml).

biopharmaceutical advantage of NEB. However, TA values determined in rats after
intratracheal administration with the Penn-Century microsprayer cannot be directly
extrapolated to humans. Indeed, using this mode of administration, virtually 100% of
the dose is absorbed and systemically bioavailable, leading to comparable plasma AUCs
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TABLE 1 PD parameter estimations, derived from the growth inhibition model fitted to time-kill kinetics assay

Parameter Explanation Estimation (% RSE?)
LGINOC (log,,CFU/ml) Initial bacterial density 6.1 (1)

K, (day—") Bacterial growth rate constant 4.3 (6)

B, ax (10g;oCFU/ml) Bacterial count in stationary phase 9.05 (1)

Ky (day~1) Bacterial death rate constant 2.83 (7)

I max Maximum fractional reduction of growth by FOX 1 (fixed)
IC505 (Mg/liter) FOX concentration that results in 50% of | ., for susceptible subpopulation 16.2 (11)
ICs0r (Mg/liter) FOX concentration that results in 50% of 1., for resistant subpopulation 252 (20)

K. (day—") Degradation rate constant for FOX followed by first-order process 0.438 (fixed)
MUTF Mutation frequency of bacteria —9.66 (6)

y Hill factor for growth inhibition due to drug activity 4.8 (39)

9RSE, relative standard errors.

independent of the route of administration (8-12). This characteristic, which was
confirmed in the present study (AUC, ,jasma Of 103 h-ug/ml after iv. and 104 h-ug/ml
after NEB treatment), does not reflect the clinical setting, with only a small fraction of
the dose being absorbed after aerosolization. This can be illustrated by comparing
results obtained after nebulization of GEN in rats (12) and patients (13). Comparison of
AUC,, ,1asma Values in patients indicates that GEN systemic exposure was close to 5%
after NEB compared with i.v. administration.

The PD of FOX, and in particular the potential advantage provided by NEB, not in
terms of increased exposure at the infection site but rather in terms of antimicrobial
efficacy, was investigated during the second part of this study. Our time-kill results are
consistent with those obtained during previous studies over this relatively limited
period of time (18, 19). FOX is supposed to be a time-dependent antibiotic, and
accordingly it is recommended to maintain concentrations higher than the MIC with no
need for high peak concentrations. However, characterization of in vitro FOX activity
against mycobacterium species is made difficult for two different reasons. Although M.

INH3ISNI 1B 6102 ‘22 1snbny uo /610" wse-oee//:dily Woi} PaPLOjUMO(]

Control 10 mg/L 20 mg/L.

104 104 104

84 / 8 / 84

6 61 6
~ 44 44 44
=
-l
E 7 b 2«
5 2 2 2
=
=
S ('- T T T T T T T T T U- T .4 T T T T T T T 0- T T T T T T T T T
g) 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
=
=1 100 mg/L 200 mg/L 300 mg/L
S
g 101 104 104
=
5 8 84 8
2
Q9
<
@ 64 64 64

44 4+ 44

21 24 24

04 04 04

— T ¥ — 77—
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (days)

FIG 6 Simulations of CFU counts versus time at several FOX concentrations without considering FOX degradation,
using the final PK/PD type model (2 subpopulations) of FOX against M. abscessus CIP 104536. Red lines represent
the amount of resistant bacteria, and blue lines represent the amount of susceptible bacteria. Horizontal lines show
the limit of quantification (200 CFU/ml).
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abscessus is considered to be a rapidly growing mycobacterial species, compared with
other mycobacteria, such as M. tuberculosis, experiments take longer with mycobacte-
rium species than with other bacteria. As an example, MIC determination is conducted
over 3 days for M. abscessus compared with 1 day for most bacteria. In addition, FOX is
degraded within 7H9 broth with an elimination half-life close to 1.5 days, meaning that
after 3 days, FOX concentration within the liquid medium would only be 25% of the
initial concentration. Actually, FOX degradation within liquid medium was initially
documented by Oberholtzer and Brenner (20) and then identified as a real problem for
MIC determination by Rominski et al. (15). In fact, when an apparent MIC is reported at
8 mg/liter, it should be noted that this corresponds to the initial FOX concentration,
which, after 3 days, or 2 half-lives, should be down to 2mg/liter. Therefore, the
intermediate FOX concentration at 4 mg/liter would better reflect the “true” MIC. In
order to take into account this degradation, especially for interpretation of time-kill
kinetics experiments conducted over time periods longer than a week, a PK/PD type
modeling approach was used. The fact that FOX concentrations decay with time due to
in vitro first-order degradation was taken into account just as if this was due to in vivo
elimination. However, the in vitro degradation variability was negligible, and the
degradation half-life was set at 1.5 days for the PK/PD type modeling, conducted in two
separate steps.

Initially, time-kill experiments were conducted at 11 different initial concentra-
tions, from 2 to 1,024 mg/liter, corresponding to multiple values of the apparent
MIC, as commonly done (here we used 0.25 to 128 times the MIC), plus a control
(Fig. 3). There was virtually no effect at initial concentrations equal to or lower than
16 mg/liter. When the initial concentration was equal to 32 mg/liter, an initial decay
of CFU was observed, followed by regrowth after 2 days. For initial concentrations
equal to or higher than 64 mg/liter, a CFU decay was observed with no regrowth
after 2 days. The question was to determine whether regrowth observed at the
intermediate FOX concentration could be explained by its degradation, starting
from 32 mg/liter and dropping down to 16 mg/liter and 8 mg/liter after 1.5 and
3 days, respectively. A PK/PD type model was used to answer this question. With
this type of model, it can be considered that the antibiotic acts by inhibiting
bacterial growth (bacteriostatic effect) or by stimulating bacterial kill (bactericidal
effect). Since, according to Lavollay et al. (17) and Greendyke and Byrd (21), FOX is
supposed to possess bacteriostatic activity against M. abscessus, a growth inhibition
PD model was selected with a single homogenous bacterial population. This model
provided reasonably good data fitting (see the supplemental material), but notice-
ably, using the same strain (CIP 104536), Ferro et al. have identified a FOX-resistant
subpopulation, preexistent at time zero (22), suggesting that the PK/PD model with
a single homogenous bacterial population is not appropriate. However, our initial
data set, with regrowth observed at only one FOX concentration, was probably not
sufficiently informative to support the superiority of two subpopulations (S and R)
versus one population PD model. Therefore, we decided to initiate a second series
of time-kill experiments with more intermediate initial FOX concentrations, i.e.,
susceptible enough to provide initial CFU decay followed by regrowth. Noticeably,
according to the one-population model, regrowth should always start at the same
FOX concentration (the nadir). Therefore, time to nadir should increase with the
initial FOX concentration, more precisely by 1.5 days, corresponding to FOX deg-
radation half-life, each time the initial concentration is increased by twofold. The
effect of initial FOX concentration on time to nadir would not be the same in the
presence of one and two subpopulations. The supplementary intermediate FOX
concentrations used for this second time-kill set of experiments (12, 20, 30, 45, 75,
115, and 175 mg/liter), the frequency of CFU determinations (every day instead of
every 2 days), and the experiment duration (increased from 8 to 11 days) were
selected in order to allow discrimination between one- and two-population models.

Using the whole data set (initial and second series of time-kill experiments), the
two-subpopulation model best described experimental data, as illustrated in Fig. 5.
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However, direct interpretation of this figure is difficult, since FOX degradation contrib-
utes to regrowth as well as the existence of an R subpopulation. In fact, time-kill
experiments are frequently referred to as “static” conditions because they use several
different antibiotic concentrations but are stable over time, as opposed to “dynamic”
conditions, such as hollow-fiber experiments, in which the medium is replaced in order
to let antibiotic concentration decay with time according to 1st-order kinetics, with an
elimination half-life selected to mimic in vivo PK.

One point of interest in the PK/PD type model was that it allowed simulations of CFU
versus time profiles, keeping FOX concentrations constant with time (Fig. 6). It was also
possible to simulate the effect of FOX on each subpopulation. Due to the high vy value
(y = 4.8), the model suggests that a slight change in FOX concentrations around the
IC505 (16.2 mg/liter) has dramatic consequences on FOX antimicrobial effect on the S
subpopulation. Accordingly, no effect would be expected at a FOX concentration equal
to 10 mg/liter, but a marked initial decay of CFU with time with no regrowth is
predicted at a FOX concentration equal to 20 mg/liter (Fig. 6). Thus, as far as FOX
concentrations remain low compared with the IC;., (252 mg/liter), regrowth of the R
subpopulation should be observed at later times (Fig. 6).

Interestingly, after systemic administration at the usual dose (2 g) in patients, FOX
total plasma concentrations reach values of up to 200 mg/liter (23), which, considering
that the unbound fraction is close to 25% (24), corresponds to maximum unbound
plasma concentrations on the order of 50 mg/liter. In this range of values, unbound
FOX concentrations should demonstrate antimicrobial efficacy only against the suscep-
tible M. abscessus population. Therefore, the possibility of achieving much higher FOX
concentrations at the infection site (lung ELF) after nebulization, as suggested in this
study using noninfected rats, may offer an opportunity to provide antimicrobial efficacy
against the R subpopulation as well.

However, extrapolation of these new data to the clinical setting must be done
extremely carefully. First, from a PK standpoint, nebulization with the Penn-Century
microsprayer allows good control of the dose, which is of interest for the biopharma-
ceutical characterization of nebulized antibiotics (8-12, 25) but which does not reflect
the clinical setting. Furthermore, on top of potential between-species differences, M.
abscessus produces biofilm (21), and lung infection induces changes in lung physiology.
These phenomena may have an effect on FOX membrane permeability and therefore
on lung PK that is not reflected using healthy rats. Second, from a PD point of view,
most of our findings rely on a model with a simple two-subpopulation model, which,
as previously stated, may be too simplistic. Another limitation of these in vitro exper-
iments is that they do not take into consideration the distribution of M. abscessus within
macrophages or the limited FOX intracellular distribution (19). Finally, in clinical prac-
tice M. abscessus infections are treated by several antibiotics in combination. This
obviously has major consequences in terms of antimicrobial efficacy, which was not
addressed here.

In conclusion, the PK/PD type modeling approach developed in this study
enabled correction for FOX degradation and, therefore, characterization of the
effect-concentration relationship, as is usually done by time-kill experiments. More-
over, combined with the possibility of reaching much higher FOX lung ELF con-
centrations after nebulization than traditional parenteral administration, it provides
evidence to support a potential therapeutic advantage of this route of administra-
tion. Furthermore, as far as these high FOX ELF concentrations would not be
responsible for undesirable effects, combined with the slow elimination half-life of
FOX after NEB, they would allow us to maintain the effect maximum for a long
period of time postnebulization. In other words, PK/PD characteristics of FOX may
allow spaced nebulization. However, numerous complementary experiments would
be necessary to confirm the potential therapeutic advantage of FOX NEB for the
treatment of M. abscessus infections.
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MATERIALS AND METHODS

Antibiotics. FOX sodium salt was obtained from Panpharma (Luitré, France) for in vivo and in vitro
experiments and from Sigma (Saint-Quentin-Fallavier, France) for analytical purposes. Cefuroxime (CXM)
was obtained from Aprokam (Clermont-Ferrand, France).

Pharmacokinetics in healthy rats. (i) Administration and sampling. Animal experiments were
conducted in compliance with EC Directive 2010/63/EU after approval by the local ethics committee
(COMETHEA) and were registered by the French Ministry of Higher Education and Research under
authorization number 2015070211159865. Male Sprague Dawley rats (n = 59; mean weight of rats,
300 g) from Charles River Laboratories (Saint Germain Nuelles, France) were used for experiments. All rats
were divided in two groups corresponding to route of administration (i.v. or NEB) (11). On day 1 of the
experiment, FOX sodium salt solutions were prepared in 0.9% NaCl at a concentration of 300 mg/ml for
NEB and 30 mg/ml for iv. administrations. As previously described (9), FOX was administered under
isoflurane anesthesia either by i.v. bolus in the tail vein (1 ml) or by intratracheal NEB (100 pl) using a
1A-1B Penn-Century microsprayer (Wyndmoor, USA) at doses commonly used in clinical practices after
correction for body weight, close to 90 mg/kg of body weight (23). Bronchoalveolar lavage (BAL) fluid
and blood sampling was performed as previously described (8) at various times until 1.25 h after i.v. and
3 h and NEB administration (0.08, 0.25, 0.5, 0.75, and 1.25 h for i.v. and 0.08, 0.25, 0.5, 0.75, 1.25, 2, and
3 h for NEB; 4 to 5 rats were included per time point).

(ii) FOX analytical assay. The FOX analytical assay was conducted by liquid chromatography-
tandem mass spectroscopy (LC-MS/MS). The system included a Shimadzu high-performance liquid
chromatography (HPLC) module coupled with an APl 3500 mass spectrometer (Sciex, Les Ulis, France).
An XBridge amide column (3.5 um; 50- by 2.1-mm inside diameter; Waters, Saint-Quentin en Yvelines,
France) was used, and a gradient mobile phase composed of 5 mM ammonium formate and acetonitrile
(70:30 [vol/vol]) with 0.01% of formic acid was delivered at 0.4 ml/min. The mass spectrometer was
operated in the negative mode. lons were analyzed by multiple-reaction monitoring (MRM). CXM was
used as an internal standard. The transitions were m/z 426/156 for FOX and 423/207 for CXM. The
standard curve of 0, 0.05, 0.1, 0.5, 1, 5, 15, and 20 mg/liter was performed for BAL fluid and plasma
samples. Three levels of concentrations (0.1, 1, and 15 mg/liter) were tested for intraday variability with
precision and accuracy of <15% (n = 18 per medium). The between-day variability was studied at 0.1, 1,
and 15 mg/liter with a precision and bias of <15% (n = 6). The urea concentrations in plasma and BAL
fluid samples were measured as previously described (9).

(iii) Data analysis. Noncompartmental PK analysis was conducted from time-averaged unbound FOX
concentrations. FOX protein binding was fixed at 25% in plasma (24) and considered to be negligible
within ELF, in which protein concentration is 10 times lower than that in plasma (26). Mean areas under
unbound concentrations versus time from time zero to infinity were estimated using a trapezoidal
method with extrapolation to infinity in plasma (AUC, .., ...) and ELF (AUC,, ¢, ) using Phoenix WinNonlin
7.0 software (Certara, St. Louis, MO). Elimination rate constants, ke, in plasma and ELF were estimated by
least-squares fit of data points (log concentration-time) in the terminal phase of decline. Corresponding
apparent elimination half-lives (t,,,) were estimated as 0.693/ke. The AUC, ¢ (/AUC, .., ratios were
compared after NEB and i.v. administration, and the TA of NEB compared to that of i.v. was estimated
from the ratio of AUC, ¢, after NEB versus i.v. administration (27). Results are presented as means *
standard deviations (SD).

In vitro FOX degradation. For FOX degradation in 7H9 broth, a 10-mg/ml stock solution of FOX
sodium salt in water was prepared and stored at —80°C until being thawed for preparing working
solutions after appropriate dilutions in 7H9 broth. To evaluate the degradation of FOX in 7H9 broth,
individual tubes of 20 ml of 7H9 broth containing 2, 8, 32, 64, 128, and 512 mg/liter of FOX as an
initial concentration were inoculated with the bacterial suspension (—~1 X 10% CFU/ml) and incu-
bated at 35°C * 2°C. Samples were collected daily for up to 8 days. FOX concentrations then were
measured by the LC-MS/MS analytical method as explained above.

In vitro pharmacodynamics. (i) Bacterial strain and suspension preparation. M. abscessus subsp.
abscessus reference strain CIP 104536 (Collection of Institute Pasteur, Paris, France) was used. Stock vials
were conserved at —80°C in Middlebrook 7H9 broth (referred to as 7H9 broth; BD, BBL, Sparks, MD, USA)
with 10% oleic acid-bovine albumin-dextrose-catalase (OADC) growth supplement (BD, BBL, Sparks, MD,
USA) and 20% glycerol (Carl Roth GmbH Co. KG, Karlsruhe, Germany). M. abscessus was grown on
Middlebrook 7H11 agar plates (referred to as 7H11 agar plates) with 10% OADC growth supplement and
0.5% glycerol at 30°C for 3 to 5 days. For each experiment, the mycobacterial inoculum was prepared
freshly according to CLSI guidelines (28). Briefly, colonies from agar plates were transferred into a
hemodialysis tube with 5 to 6 sterile glass beads of 3 nm and then vortexed for 1 min. One ml of sterile
water then was added and the mixture incubated for 15min at room temperature. The bacterial
suspension was adjusted to an optical density at 600 nm of 0.10 to 0.15 (~10% CFU/ml). Finally, the
suspension was diluted to 1/100 to obtain an ~1 x10° CFU/ml final concentration in appropriate media.

(ii) Time-kill kinetics assay. Individual tubes of 20 m| of 7H9 broth containing 2, 4, 8, 16, 32, 64, 128,
256, 512, and 1,024 mg/liter of FOX as an initial concentration and growth control (CTL) were inoculated
with the bacterial suspension (~1 X 10 CFU/ml) and incubated at 35°C + 2°C under shaking conditions
(150 rpm) for up to 8 days. To quantify bacteria at defined time intervals (0, 2, 4, 6, and 8 days), 100-pul
samples were taken and diluted serially when appropriate in phosphate-buffered saline (PBS; pH 7.4;
Gibco by Life Technologies, France). Samples were then plated on 7H11 agar plates for further CFU
counting after 3 to 5 days of incubation at 35°C = 2°C. The theoretical detection limit was set to 200
CFU/ml, ie, 23 log,, CFU/ml. A second series of experiments was carried out using FOX initial
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concentrations of 12, 20, 30, 45, 75, 115, and 175 mg/liter and a growth control using a protocol similar
to that explained above. Numbers of CFU were determined daily for up to 11 days.

(iii) Time-kill modeling. CFU counts and FOX concentrations over time were analyzed separately
using a nonlinear fixed-effects PK/PD type modeling approach. Parameters were estimated using the
first-order conditional estimation (FOCE) method and Laplacian option available in NONMEM version
7.4.1 (Icon Development Solutions Ellicott City, MD, USA). NONMEM project management was made
easier using Pirana (29), and CFU counts below the limit of quantification (200 CFU/ml) were handled
using Beal's M3 method (30). The degradation of FOX (C) during the experiment was modelled as a
first-order process:

C= COBfK(,X[ (1)

Where C, is the initial concentration of FOX (mg/liter) spiked in the tube at time zero, K, is the
first-order degradation rate constant (days—'), and t is the corresponding elimination half-life, equal to
0.693/K,, (days). Two bacterial subpopulations were considered: susceptible (S) and resistant (R) bacteria.
In the absence of FOX, they were assumed to grow until reaching a plateau, and this was described by
a logistic growth function. The effect of FOX on M. abscessus CIP 104536 was modelled as an inhibition
of bacterial growth, with an | _,,, model and different IC,, for each subpopulation. The structure of the
PD model is presented in Fig. 5. The differential equations describing variations of susceptible bacterial
counts (S) and resistant bacterial counts (R) over time are presented below:

B oex[1- 2 x(1-2emXC o kx5 @)
dat 8 10Pmas ICY, + C” d
R _xox(1- -2 )x(1- X p_ kxR 3)
dr ¢ 10Pmas ICy + C d

where B =S + R is the total bacterial count (CFU/ml), K, (day ') is the bacterial growth rate, K, (day ')
is the bacterial natural death rate, B, ., (log,, CFU/ml) is the maximum population size supported by the
environment, | .. is the maximal inhibition, which was supposed to be total inhibition (I, fixed to 1),
and IC;,s and IC,,, (mg/liter) are the concentrations of FOX for which the effect was 50% of |_,, for
susceptible and resistant bacteria, respectively. The residual variability was described by an additive error
model on a log,, scale for bacterial count data and by a proportional error model for concentrations of
FOX data. No interexperimental variability was estimated on the parameters because we assumed that
it would not be distinguishable from residual variability. Model performance was assessed by the
evaluation of the goodness-of-fit plots (e.g., observation versus predictions) and objective function value
(OFV). The model was evaluated by performing VPCs with stratification on the type of experiments and
FOX concentration. All observations were plotted and overlaid with the median, and 80% prediction
intervals were obtained by performing 1,000 simulations of the final model with the original data set as
the input.

(iv) Simulations of CFU versus time profiles without FOX degradation. In order to evaluate the
effect of FOX on M. abscessus at constant concentration, the developed PK/PD type model with two
subpopulations was used along with PD parameter estimates to simulate the variation in CFU count over
time at different concentrations. R package mrgsolve (31) was used to simulate CFU versus time profiles.
The final parameter estimates from the current FOX PK/PD type model with two subpopulations were
used to simulate the CFU versus time profiles without considering FOX degradation.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02651-18.
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Figure S1: Visual predictive checks (VPCs) for one homogenous population PK/PD type model of

cefoxitin against M. abscessus CIP 104536 with observed bacterial counts (circles), median (black

continuous line) and 80% prediction interval (black dotted line) of simulated data. Plots include growth

control and experimental data by time-Kkill kinetics. The indicated concentration are the initial FOX

concentrations. Line shows the limit of quantification (200 CFU/mL).
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X. 3*JPIAMR : CO ACTION

En 2014 le rapport O’Neill[4] prévoyait qu’en absence de mesures prises, les bactéries multirésistantes
seraient responsables de plus de morts que le cancer d’ici 2050. En réponse a ce constat, de multiples
organisations internationales ont mis en place des programmes pour lutter contre I’antibiorésistance
(OMS[110], G7[111], G20[112]...). Une des réponses de I’Union Européenne a été la mise en place du
programme JPIAMR (Joint Program Initiative on Antimicrobial Resistance) [113], qui a pour but de
coordonner la lutte contre 1’antibiorésistance en associant les agences nationales de la recherche de 27 pays

dans le financement de projets internationaux[114].

Le projet CO-ACTION est un projet qui a été sélectionné dans le cadre du second appel a projets JPIAMR,
ayant pour point focal I’étude des antibiotiques oubliés et non utilisés (ND-AB) et 1’évaluation de

combinaisons de ND-AB avec une autre molécule (antibiotique ou non)[115].

Parmi les ND-AB on retrouve une classe d’antibiotiques, les polymyxines considérés comme des
antibiotiques de la derniére chance. La colistine (seule polymyxine autorisée par voie systémique en France)

a fait I’objet d’une revue de la littérature en amont du projet CO-ACTION, présentée ci-apres.
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X.A. Article 2: Clinical Pharmacokinetics and Pharmacodynamics of Colistin.
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Abstract In this review, we provide an updated summary
on colistin pharmacokinetics and pharmacodynamics.
Colistin is an old molecule that is frequently used as last-
line treatment for infections caused by multidrug-resistant
Gram-negative bacteria. Colistin is a decapeptide admin-
istered either as a prodrug, colistin methanesulfonate
(CMS), when used intravenously, or as colistin sulfate
when used orally. Because colistin binds to laboratory
materials, many experimental issues are raised and studies
on colistin can be tricky. Due to its large molecular weight
and its cationic properties at physiological pH, colistin
passes through physiological membranes poorly and is
mainly distributed within the extracellular space. Renal
clearance of colistin is very low, but the dosing regimen
should be adapted to the renal function of the patient
because CMS is partly eliminated by the kidney. Thera-
peutic drug monitoring of colistin is warranted because the
pharmacokinetics of colistin are very variable, and because
its therapeutic window is narrow. Resistance of bacteria to
colistin is increasing worldwide in parallel to its clinical
and veterinary uses and a plasmid-mediated resistance
mechanism (MCR-1) was recently described in animals
and humans. In vitro, bacteria develop various resistance
mechanisms rapidly when exposed to colistin. The use of a
loading dose might reduce the emergence of resistance but
the use of colistin in combination also seems necessary.
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Key Points

Because colistin binds to laboratory materials, many
experimental issues are raised.

The dosing regimen of colistin methanesulfonate
should be adapted to the renal function of patients,
and the use of a loading dose is recommended.

Therapeutic drug monitoring of colistin is warranted.

Because the resistance of bacteria to colistin is
increasing, its use in combination seems necessary.

1 Introduction

Colistin, also called polymyxin E, belongs to the group of
polymyxin antibiotics (antibacterials). It is an old antibiotic
discovered in the 1940s but its clinical use was largely
abandoned in the 1970s mainly due to its nephrotoxicity.
However, the increase of multidrug resistance (MDR) in
Gram-negative bacteria (GNB), particularly Pseudomonas
aeruginosa, Acinetobacter baumannii and Klebsiella
pneumoniae, led to the re-emergence of its use during the
last few years [1]. Parenteral and nebulisation formulations
for colistin contain the sodium salt of colistin methane-
sulfonate (CMS), also called colistimethate, which is an
inactive prodrug. The aim of this review is to give an
updated summary on colistin with respect to its complex
pharmacokinetics and pharmacodynamics. A literature
search was conducted using PubMed where colistin or
colistin methanesulfonate were combined with key words
such as “chemistry”, “bioanalysis”, “pharmacokinetics”
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Fig. 1 Structure of colistin methanesulfonate and colistin. Sul-
fomethyl groups of colistin methanesulfonate are highlighted with
grey circles. Fatty acyl: 6-methyloctanyl for colistin A and

or “pharmacodynamics” to identify relevant literature.
Additional references were identified from the references
lists of published articles.

2 Conventions Used to Describe Doses of Colistin

At the first International Conference of Polymyxins in
Prato, Italy, in 2013, it was stated that colistin doses should
be referred to using international units (IU) or mg of col-
istin base activity (CBA) in order to avoid medication
errors [2]. In Europe, India and few other countries, doses
of CMS are expressed in million international units (MIU),
but also in mg of CMS. By contrast, in North and South
America, Southeast Asia and Australia, doses are expressed
in mg CBA. In order to convert these different units, it
should be known that 1 MIU is equivalent to about 30 mg
of CBA, which corresponds to about 80 mg of CMS [2].

3 Chemistry

Colistin (commercially available as the sulfate salt) is a
decapeptide compound, corresponding to a complex mix-
ture of about 30 different compounds with two main
components, colistin A and colistin B, the proportion of
which can vary from batch to batch [3]. Colistin A and B
are large molecules with molecular weights of 1169 and
1155 g/mol, respectively. They are composed of a hydro-
philic cycloheptapeptide ring, a tail tripeptide moiety and a
hydrophobic acyl chain tail, being one carbon shorter for
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colistin B than for colistin A (Fig. 1) [4]. Colistin is a
hydrophilic drug (logP = —2.4 [5]) but with an amphi-
pathic property due to the presence of both lipophilic and
hydrophilic groups [6]. Colistin exhibits basic properties
(acid dissociation constant [pKa] of about 10) due to the
unmasked y-amino groups of the five L-o,y-diaminobutyric
acid (Dab) residues present in the cyclopeptide ring and
tripeptide moiety (Fig. 1) [7]. Therefore, colistin is poly-
cationic at pH 7.4 [8].

Colistin is administered parenterally as a prodrug, CMS.
CMS differs from colistin by additional sulfomethyl groups
on each of the five Dab residues (Fig. 1). In vivo, CMS
undergoes hydrolysis to form a mixture of partially sul-
fomethylated derivatives that can eventually convert to
colistin [9]. CMS A and B molecular weights are higher
than for colistin (1635 and 1621 g/mol, respectively) due to
the five additional sulfomethyl groups. CMS is more
hydrophilic (logP = —12.1 [10]), and is supposed to be
less basic than colistin, but to our knowledge its pKa has
not been reported yet [11, 12]. At a physiological pH of
7.4, CMS is a polyanion [1].

CMS and colistin were shown to aggregate into micelles
at high concentrations in aqueous solution: their critical
micelle concentrations (CMCs) were 3.5 mmol/L (5.7 g/L)
and 1.5 mmol/L (1.8 g/L), respectively [13]. The conver-
sion of CMS into colistin was much faster when the con-
centration of CMS was below the CMC (60% over 48 h)
than when it was above the CMC (1% over 48 h) [13]. The
instability of CMS at low concentrations in pharmaceutical
formulations is of concern, particularly because active
colistin is much more toxic than CMS [14].
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4 Bioanalysis

It is important that bioanalytical methods discriminate
between colistin and CMS. Yet in old studies (overall
before the start of the twenty-first century), colistin con-
centrations were measured by microbiological assays that
could not discriminate between the two components
because CMS was converted into colistin during the
experimental time-course. By contrast, recent methods use
high-performance liquid chromatography (HPLC) or liquid
chromatography—-tandem mass spectrometry (LC-MS/MS)
that separate CMS and colistin. Colistin concentrations are
generally calculated by summing the peak areas of the
major components, i.e. colistin A and B. The internal
standard is generally polymyxin B [15]. The measurement
of CMS concentrations implies a two-step method with
firstly the quantitation of colistin alone and secondly the
hydrolysis of CMS into colistin by sulphuric acid, and the
quantitation of the total colistin formed [15, 16]. CMS
concentration is then obtained by subtracting the concen-
tration of colistin measured before hydrolysis to that
measured after hydrolysis. This method does not allow the
discrimination of the different sulfomethyl derivatives and
therefore the reported CMS concentrations should be
interpreted as the summed concentrations of all these
derivatives. Therefore, the reported pharmacokinetic
parameters for CMS may best be considered as hybrid
parameters for CMS and partially sulfomethylated deriva-
tives [17].

For measuring plasma concentration, sample preparation
can include a simple protein precipitation using tri-
chloroacetic acid and methanol [18-21] and/or a solid-
phase extraction [15, 18-21]. After separation by chro-
matography, detection is carried out either by LC-MS/MS
[15, 21] or fluorimetry after derivatisation of colistin
[18, 19]. The reported limits of quantification for colistin
concentration in plasma are 0.03-0.04 mg/L with LC-MS/
MS [15, 21] and 0.1-0.3 mg/L by HPLC-fluorimetry
[18, 19]. It is of note that for measuring colistin concen-
trations in broth culture medium, urine, broncho-alveolar
liquid and other biological fluids (cerebrospinal fluid
[CSF], peritoneal, etc.) it has been recommended to spike
the samples with blank plasma in order to avoid matrix
effect and colistin binding to experimental materials
[15, 21, 22].

5 Mechanism of Action
Most investigations on the mechanisms of action of

polymyxins were carried out with polymyxin B, but the
similarities between the chemical structures of polymyxin

B and colistin suggest that their mechanisms of action are
identical [23]. The lipopolysaccharide (LPS) present at the
surface of the outer membrane of GNB prevents the pen-
etration of hydrophobic and/or large antibiotics (antibac-
terials) [24]. Due to its positive charge, colistin interacts
electrostatically with the negatively charged outer mem-
brane of GNB and competitively displaces calcium (Ca*")
and magnesium (Mg2+) ions from the phosphate groups of
LPS [7, 25]. Binding of colistin on the outer membrane is
antagonised by divalent cations [26-28], resulting in a
decreased antibacterial activity. It is of note that CMS,
which differs from colistin by the addition of sulfomethyl
groups masking the amines responsible for the positive
charge, has a very weak antibacterial activity. Moreover, as
the outer leaflet of mammalian cell membranes is charged
neutral at physiological pH, colistin interacts less with
mammalian cells [29]. Destabilisation of LPS leads to the
disruption of the outer membrane, the loss of periplasmic
and cytoplasmic contents and eventually bacterial death
[24, 25, 30].

The endotoxin of GNB consists of the lipid A portion of
the LPS, which can be shed by bacteria during antimicro-
bial therapy and can be responsible for endotoxic shock
[31]. Colistin has an anti-endotoxin activity by binding to
and neutralising the LPS [31-35].

Colistin also acts by several other mechanisms [36],
such as an inhibition of vital respiratory enzymes (nicoti-
namide adenine dinucleotide [NADH]-quinone oxidore-
ductase) in the bacterial inner membrane [37].

6 Minimum Inhibitory Concentration
Determination

For the European Committee on Antimicrobial Suscepti-
bility Testing (EUCAST) and the Clinical and Laboratory
Standards Institute (CLSI), the reference method for min-
imum inhibitory concentration (MIC) determination of
Enterobacteriaceae, P. aeruginosa and Acinetobacter spp.
is the ISO (International Organization for Standardization)-
standard broth microdilution [38, 39]. Cation-adjusted
Mueller-Hinton broth (CAMHB) is used as the broth
medium, with no additives included (in particular no
polysorbate-80 or surfactants), the tray must be of plain
polystyrene and not treated before use, and sulfate salt of
colistin must be used [38, 39]. Addition of polysorbate-80
reduces the adsorption of colistin to polystyrene wells (see
Sect. 12.1.1), but is currently not recommended by
EUCAST and CLSI [40, 41]. The disc diffusion method
should be avoided because colistin poorly diffuses in agar
[42]. Moreover, the E-test method should be used with
caution because about 50% of the results were reported to
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be false when compared with the results of the broth
microdilution method [41, 43].

7 Antibacterial Activity

Susceptibility breakpoints for colistin published by
EUCAST are 2 mg/L for P. aeruginosa, Acinetobacter spp.
and Enterobacteriaceae [44]. For now, the susceptibility
breakpoint published by CLSI is 2 mg/L for both
P. aeruginosa and Acinetobacter spp. (resistance if MIC
>8 and 4 mg/L, respectively) [38], but this breakpoint
should be revised in 2017.

Colistin is active against several GNB including
Acinetobacter spp., P. aeruginosa, Klebsiella spp., Enter-
obacter spp., Escherichia coli, Salmonella spp., Shigella
spp., Yersinia spp. and Citrobacter spp. [40, 45]. By con-
trast, colistin is inactive on Gram-positive bacteria,
anaerobes and some GNB (Proteus spp., Providencia spp.,
Morganella morganii, Serratia spp. and Burkholderia
cepacia) [40, 45].

8 Resistance

Increasing use of colistin has led to the emergence of
colistin resistance worldwide and although resistance to
colistin is generally less than 10%, colistin resistance rates
are continually increasing [24]. Resistance to colistin has
been described in many GNB species such as A. bauman-
nii, K. pneumoniae and P. aeruginosa [24, 46].

Colistin resistance in GNB is most commonly related to
LPS modifications via diverse routes, of which several
involve two-component regulatory systems (TCSs) [24].
PhoPQ and PmrAB are two TCSs whose functions and
regulations overlap [47]. PhoPQ and PmrAB both include a
sensor kinase (PhoQ and PmrB, respectively), which senses
environmental signals such as low Mg”>", low pH or the
presence of antimicrobial peptides. Moreover, exposure to
colistin might also change the expression patterns of these
TCSs [48, 49]. Activation of these sensor kinases lead to
the phosphorylation of a response regulator (PhoP and
PmrA, respectively), which, once phosphorylated, typically
enhances their binding to promoters of regulated genes.
Hence, phosphorylation of PhoP enhances the transcription
of several genes, including pmrD, whose product binds to
and stabilises PmrA in its phosphorylated state. Phospho-
rylation of PmrA upregulates the transcription of enzymes
that are required for the addition of 4-aminoarabinose (L-
ara4N) and/or ethanolamine to the lipid A component of
LPS [6, 49-51]. These additions contribute to colistin
resistance by reducing the negative charge of the bacterial
membrane, and thereby decreasing the binding of
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positively charged colistin [50, 52, 53]. These adaptive
mechanisms of resistance were generally of moderate level
[52].

Recently, a plasmid-mediated colistin resistance mech-
anism MCR-1 was described for an E. coli strain in animals
and human [54]. MCR-1 is a member of the phospho-
ethanolamine transferase enzyme family, with expression
resulting in the addition of an ethanolamine moiety to the
lipid A. Despite its relatively low level (MICs about
4-8 mg/L), this plasmid-mediated mechanism of resistance
causes concern about a possible spread of colistin resistance
into a range of enteric bacteria in humans and animals [55].

The phenomenon of colistin heteroresistance due to
mutations in the chromosomal genes, involved in mecha-
nisms such as lipid A biosynthesis (IpxA, IpxC, IpxD) or
addition of L-ara4N, have also been described in A. bau-
mannii and P. aeruginosa [53, 56-58]. This mechanism of
resistance was shown to be of high level (MIC >128 mg/L)
and was associated with a fitness cost for the bacteria
[53, 56, 58]. Mutant strains were stable but in some patients
the original susceptible isolate was able to re-emerge [53].
The reasons of this re-emergence were unclear, and could
be due to the presence of a dormant persister population
[59] or to the bacterial presence in locations inaccessible to
colistin. Moreover, resistance was lost in one patient via
the acquisition of a secondary mutation, which compen-
sated for the fitness cost of drug resistance [53].

9 Clinical Pharmacokinetics
9.1 Plasma Concentrations in Healthy Volunteers

After a 1 h intravenous (IV) infusion of 1 MIU of CMS to
healthy volunteers the CMS plasma concentrations reached
a mean maximal value of 4.8 mg/L at the end of admin-
istration [60]. Thereafter, CMS concentrations declined
biexponentially with a distribution half-life (t.,,) of 0.5 h
and a terminal half-life (¢.,5) of 2.0 h (Fig. 2).

The time to maximal plasma concentrations (Cp.y) Of
the active compound colistin was 2 h after the start of the
infusion (1 h after the infusion stop), and the mean colistin
Chax Was 0.83 mg/L. Colistin plasma concentrations
declined monoexponentially with a .5 of 3.0 h. It is of
note that as the ,,5 of colistin was longer than that of CMS,
meaning that colistin elimination is not rate-limited by its
formation.

9.2 Clearance and Metabolism
CMS was two-thirds cleared by renal excretion in healthy

volunteers [60]. The renal clearance of CMS in healthy
volunteers was about 100 mL/min, which was close to the
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Fig. 2 Colistin methanesulfonate (open circles) and colistin (filled
circles) mean (+standard deviation) plasma concentrations observed
in 12 healthy volunteers after a single | h infusion of colistin
methanesulfonate 1 MIU (million international units) (data from
Couet et al. [60]). Conc. concentrations

glomerular filtration rate (GFR; around 120 mL/min) [60].
However, as the unbound fraction (f,) of CMS in plasma is
unknown, tubular reabsorption and secretion of CMS were
not able to be estimated.

The non-renal clearance of CMS in healthy volunteers
was about 50 mL/min [60]. One of the non-renal pathways
for CMS clearance is its conversion into colistin by
hydrolysis and removal of the five sulfomethyl groups from
Dab residues. This hydrolysis leads to the formation of a
series of different sulfomethylated derivatives (2° = 32
possible different derivatives) and to colistin. Other non-
renal pathways, such as hydrolysis of peptide bonds, are
possible for CMS but have not yet been assessed (Fig. 3).

The colistin average concentration at steady state
(Cys,ave) depends on both the fraction of CMS that is con-
verted into colistin and the colistin clearance (adapted from
Couet et al. [61]) (Eq. 1):

CLCUI’I\’ x
CLg + CLnr

Dose

1
T X CL(.'(JIE ’ ( )

Css,avg e

where CL..,v i1s the conversion clearance of CMS into
colistin, CLy is the renal clearance of CMS, CLyy is the
non-renal clearance of CMS (=CL.,, + clearance due to
other non-renal pathways), 7 is the dosing interval and
CL..j; is the total clearance of colistin. As the fraction of
CMS eventually converted into colistin is unknown,
clearance and volume of distribution parameters for col-
istin are apparent parameters.

Colistin renal clearance was very low in healthy vol-
unteers (1.9 mL/min) due to extensive tubular reabsorption
[60]. The renal reabsorption of colistin may involve
organic cation transporters (OCTNI), peptide transporters
(PEPT2) and megalin, which is a low-density lipoprotein
receptor. The renal reabsorption process is sensitive to the
pH of urine [62-64]. Although renal excretion of colistin is

Renal clearance

g Renal clearance
CMS (tubular reabsorption)

Conversion
To colistin
Other colistin
clearance
Other
clearance

Fig. 3 Overview of the elimination pathways for colistin methane-
sulfonate and colistin. The thickness of the arrows indicates the
relative magnitude of the respective clearance pathways when kidney
function is normal. Colistin methanesulfonate includes fully and
partially sulfomethylated derivatives of colistin (adapted from Nation
et al. [23]). CMS colistin methanesulfonate

very low, urine concentrations of colistin after adminis-
tration of CMS can be high because of post-excretion
hydrolysis of CMS into colistin within the urinary tract.

Elimination pathways of colistin are for the most part
unknown. Considering its peptidic structure, colistin should
be eliminated through hydrolysis but the enzymes involved
and their localisation are still unknown. Blood, liver and
kidneys are likely important sites for colistin elimination
because they contain large amounts of proteases and pep-
tidases; however, due to the ubiquitous availability of these
enzymes throughout the body, proteolytic degradation of
colistin should not be limited to classic elimination organs
[65]. It is of note that the cyclic structure of colistin helps
to protect colistin from proteolytic endopeptidases and the
hydrophobic acyl chain helps to protect against exopepti-
dases, thus explaining that the colistin half-life (f.,) is
longer than that of many peptides [65].

9.3 Distribution After Systemic Administration

Due to their large molecular weights and electric charge
(polyanionic for CMS and polycationic for colistin) at
physiologic pH, CMS and colistin cross cellular mem-
branes and physiological barriers poorly. Indeed, volumes
of distribution of CMS and colistin in healthy volunteers
(14.0 and 12.4 L, respectively, apparent volume for col-
istin) have been shown to be consistent with a distribution
restricted to the extracellular space [60].
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9.3.1 Protein Binding

Colistin has been reported to bind to o-1-acid glycoprotein
(AGP), whereas the binding to other plasma components
such as albumin, lipoproteins or globulins remains to be
elucidated [66]. Colistin is a large molecule that cannot
enter the cavity of AGP to form a tight complex and instead
a two-step process of binding has been proposed [66]. An
initial electrostatic attraction occurs between the positive
Dab residues of colistin and the negative sialyloligosac-
charides proximal to the binding cavity of AGP. The sec-
ond step consists of a stabilisation of the liaison by
insertion of the lipophilic tail of colistin into the
hydrophobic ligand binding cavity of AGP and/or binding
to lipidic substances, such as phospholipid, bound to AGP.
Therefore, both the positive charge and the amphipathic
properties of colistin seem necessary for its binding to AGP
in plasma. The importance of the charge is exemplified by
the fact that CMS, for which Dab moieties are masked,
does not bind to AGP [66]. It has been shown that colistin
binds to AGP with less affinity than for bacterial LPS, thus
suggesting that in vivo the affinity for LPS is strong enough
to dissociate and sequester the colistin from AGP [66].

Protein binding can be determined either by ultrafiltra-
tion or equilibrium dialysis [67]. However, the extensive
non-specific binding (>99%) of colistin to commonly used
membranes [68] requires these experiments to be imple-
mented with specific dialysis cells and membranes [67].
The assessment of colistin protein binding using a micro-
dialysis method raises the same problem of colistin adhe-
sion to experimental equipment [69].

In animals, plasma protein binding of 55% (f, = 45%)
has been reported for colistin in rats, dogs and calves
[68, 70]. In mice, the average percentage bound was around
91% (f, =9%) in the total concentration range of
2-50 mg/L [67].

In critically ill patients, colistin binding to plasma
components was about 59-74% [71]. Across the
0.01-15 mg/L range of total concentrations, at 37 °C, the
bound fraction of colistin B was constant (average 57%),
whereas the bound fraction of colistin A was dependent on
the concentration. At 0.1 mg/L the average binding of
colistin A was 84% against 69% at 10 mg/L, meaning that
the f, of colistin A varied greatly as a function of the
concentration (average 16% at 0.1 mg/L and 31% at
10 mg/L). This greater binding of colistin A, also demon-
strated in rats [68], is most probably due to its longer fatty
acid chain, since it is the only difference with colistin B.
Whereas there is a difference in protein binding between
colistin A and colistin B, to our knowledge, no difference
in potency has been reported.

The level of plasma AGP can increase, depending on the
disease condition, particularly bacterial infection [72].
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Therefore, protein binding of colistin is expected to be
higher in critically ill patients than in healthy volunteers.
This has not been reported yet; however, protein binding of
colistin was greater in infected mice than in healthy mice
[66]. Moreover, protein binding of polymyxin B, which is
chemically close to colistin, is greater in critically ill
patients than in healthy volunteers [73].

In airways, colistin binds to mucin, which may reduce
its antibacterial efficacy as illustrated by the >100-fold
increase of MICs when mucin is added to growth medium
[74].

9.3.2 Distribution Within Lung

Concentrations of CMS and colistin in epithelial lining
fluid (ELF) are generally determined from concentrations
measured in bronchoalveolar lavage (BAL) fluid after
correction for dilution. The dilution factor is estimated
based on the assumption that urea concentration is identical
in plasma and ELF, by measurement of urea concentrations
in plasma and BAL [22]. The determination of colistin
concentration in BAL fluid should take into account the
non-specific binding to the BAL material, which can be
particularly high at low concentrations (80% for colistin
concentrations <l mg/L; unpublished data).

Intravenous (IV) Administration After repeated IV
administrations of 2 MIU CMS every 8 h to critically ill
patients, Imberti et al. [75] could not measure colistin in
BAL (limit of quantification = 0.1 mg/L). By contrast,
Boisson et al. [76] reported colistin concentrations in the
ELF at steady state ranging between 0.1 and 29 mg/L. For
their part, Yapa et al. [77] reported colistin concentrations
in sputum lower than 1 mg/L after a single IV adminis-
tration of CMS 5 MIU. No active transport has been
reported yet for the passage of the pulmonary barrier by
colistin. However, OCTN1 and PEPT2, which are involved
in the renal reabsorption of colistin, are also present in the
lung [78]. Moreover, the involvement of these proteins in
the pulmonary transport of active substances has already
been suggested: the uptake of anti-cholinergic drugs for
OCTN [79] and transport of bacterial peptides for PEPT2
[80]. In addition to their capability to pass through pul-
monary barrier, CMS and colistin distribution into lung
also depends on their binding to lung components. This
issue is not yet elucidated but it has been shown that col-
istin binds to mucin [74].

Inhalation Aerosolised colistin, administered as CMS, is
used to treat nosocomial pneumonia caused by MDR GNB
[76, 80—84]. After pulmonary administration of CMS, the
presence of colistin in plasma can either result from the
absorption of CMS followed by systemic conversion into
colistin or from the pre-systemic conversion of CMS into
colistin followed by its absorption [22]. When nebulised
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directly as colistin, the absolute bioavailability was shown
to be high (69%) in rats [85]. However, after nebulisation
of CMS to critically ill or cystic fibrosis (CF) patients,
colistin plasma concentrations were either below the limit
of quantification [77] or low (<0.73 mg/L) [76, 86], except
for one study for which concentrations up to 2 mg/L were
reported [87]. In critically ill patients, when nebulised as
CMS, only 9% of the dose reached the systemic circula-
tion: 1.4% as colistin converted presystemically and 7.6%
as CMS [76].

After aerosol delivery of CMS to critically ill patients
ELF colistin concentrations were much higher than those in
plasma (5- to 1000-fold) but varied considerably, from 1 to
1100 mg/L, depending on dose (1 or 2 MIU single dose or
every 8 h), time (1-8 h post-dose) and the study [76, 87].

In CF patients, CMS and colistin concentrations are
generally determined in sputum. In these patients, after
nebulisation of single 2 or 4 MIU doses of CMS, systemic
exposure to colistin was very low, whereas colistin con-
centrations measured in sputum ranged from 1 to 45 mg/L
[77, 86]. However, a conversion of CMS to colistin during
the preparation of sputum samples before bioanalytical
assay cannot be ruled out in one of these studies, due to a
relatively high concentration of trifluoroacetic acid used for
sample preparation [86].

Overall, these studies show that colistin systemic
exposure is low after CMS nebulisation, whereas colistin
concentrations in lung are high.

9.3.3 Distribution Within the Central Nervous System

1V Administration The passage across the blood—brain
barrier (BBB) by CMS and colistin is limited. Colistin
penetration into the CSF after repeated IV administrations
of CMS was demonstrated to be low (5%) in critically ill
patients [88]. The presence of meningeal inflammation
enhanced penetration in CSF (11%) [89]. In paediatric
patients the CSF/serum ratios were reported to be 34—67%
in the presence of meningitis (measurement before and
after IV CMS administration), whereas it was minimal in
the absence of meningeal inflammation [90]. Moreover, it
has been shown in mice that LPS can induce BBB dis-
ruption by decreasing the tight junction function; this effect
depends on the bacterial species and can increase colistin
uptake into the brain [91]. For now, the effect of trans-
porters on the passage of BBB by CMS or colistin has not
been reported.

Intrathecal-Intraventricular Administrations Colistin
concentrations in CSF are higher when patients are treated
by intraventricular or intrathecal CMS administration than
when they are treated intravenously. Imberti et al. [92]
reported CSF concentrations continuously above 2 mg/L if
the intraventricular CMS dose was greater than 0.06 MIU

every 24 h. Ziaka et al. [89] reported CSF concentrations
ranging between 0.6 and 1.5 mg/L when patients were
treated with combined IV CMS 3 MIU every 8 h and
intraventricular CMS 0.125 MIU every 24 h.

9.3.4 Distribution in Peritoneal Fluid

In one case report, after multiple administrations of CMS
2 MIU every 8 h, colistin distributed slowly into the peri-
toneal fluid of a patient with severe peritonitis, but colistin
concentrations in peritoneal fluid were close to that in
plasma at steady state [93].

9.4 Oral Route of Administration

Colistin absorption from the gastrointestinal tract is slight
or absent [94]. In simulated gastric fluid it has been shown
that colistin was rapidly degraded by rupture of peptide
bonds in the tail tripeptide moiety under the action of
pepsin [4], the formed metabolites keeping an antimicro-
bial activity. Colistin sulfate is sometimes used for peri-
operative decontamination of the digestive tract,
particularly for the suppression of extended-spectrum f3-
lactamase-producing Enterobacteriaceae (ESBL-E). In this
indication, colistin sulfate is generally administered orally
following a dosing regimen of 100 mg every 6 h, in
combination with other anti-infective agents (e.g.,
amphotericin B, tobramycin) [94-99]. However, this
practice has been shown to select colistin-resistant bacteria
and its use is controversial [99—-103].

9.5 Pharmacokinetics in Special Populations
9.5.1 Pharmacokinetics in Critically Ill Patients

Maintenance Dose After IV administration of CMS to
critically ill patients, the pharmacokinetics of CMS was
very variable (Fig. 4). The C,,,x values were observed at
the end of infusion; thereafter, CMS concentrations
decreased in a mono- or bi-exponential manner, with a
mean fy,5 ranging from 1.9 to 4.5 h depending on the study
[103—106]. The mean plasma profile was comparable to
that observed in healthy volunteers, except when the renal
function of the patient was altered. Indeed, concentrations
of colistin are related to the renal clearance of CMS
(Eq. 1), which correlates with creatinine clearance
[104, 105]. For illustration, for patients with creatinine
clearance values of 120, 50 and 25 mL/min, the typical
renal clearances of CMS were about 100, 50 and 25 mL/
min, respectively. The main impact of this decrease of
CMS renal clearance when the renal function was impaired
was that the fraction of CMS converted into colistin
increased, e.g. 33, 50 and 67% for the three different values
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Fig. 4 Colistin methanesulfonate and colistin plasma concentrations
observed (x) in 73 critically ill patients after first colistin methane-
sulfonate dose and at steady state. Reproduced from Grégoire et al.

of creatinine clearance of 120, 50 and 25 mL/min, thus
resulting in greater colistin concentrations for patients with
altered renal function. Moreover, the volume of distribu-
tion of CMS was shown to be proportional to the body
weight, which after a single dose impacts on the Cy,,x of
CMS and colistin (to a lesser extent) and after repeated
administrations impacts on the fluctuation of concentra-
tions, i.e. the larger the volume of distribution is, the lower
the concentrations fluctuate [104, 105]. However, even
when considering individual renal function and body
weight, the pharmacokinetics of CMS were very variable
between patients after IV administration of CMS
[104, 105].

Concerning the pharmacokinetics of colistin after
administration of CMS to critically ill patients, some dis-
crepancies were observed between studies. Indeed, after a
first dose of 2 MIU of CMS, Grégoire et al. [105] observed
typical colistin C,,x values of about 2 mg/L, whereas after
a first dose of 3 MIU of CMS Plachouras et al. [106]
observed a colistin Cy,x of 0.6 mg/L [106] (Fig. 5).
Moreover, the Cp,. values were reached sooner for Gré-
goire et al. [105] (about 3 h) than for Plachouras et al.
[106] (maximum not reached at next administration, i.e.
8 h). These different time to C,,, values were related to
greater apparent volumes of distribution, resulting in longer
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Fig. 5 Colistin concentrations following a 3 MIU (million interna-
tional units) dose of colistin methanesulfonate infused over 60 min
every 8 h in a critically ill patient with a creatinine clearance of
82 mL/min and a body weight of 80 kg, predicted from Grégoire
et al. [105] (solid black line), Plachouras et al. [106] (dashed grey
line) and Garonzik et al. [104] (dashed black line). Reproduced from
Grégoire et al. [105] with permission of the American Society of
Microbiology. Conc. concentrations

typical t., values for colistin (9—14 vs. 3 h) [103—-106]. One
major consequence of a longer fyis that from Plachouras
et al. [106] at least 48 h is necessary to reach steady state,
whereas from Grégoire et al. [105] steady state should be
reached after as soon as 12 h. At steady state there were
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fewer discrepancies between studies: for a patient with a
clearance of creatinine of 82 mL/min, treated with CMS
3 MIU every 8 h, the typical colistin C 4y, Was predicted
to be between 1.5 and 3.5 mg/L depending on the study
(Fig. 5) [103-106]. Plachouras et al. [106] were the first to
point out the difficulties in attaining a Cgq 4y Of 2 mg/L for
patients with a creatinine clearance >80 mL/min [106].
Recently, Nation et al. [107] suggested the use of an
algorithm to calculate the CMS dose to administer
according to the creatinine clearance, and demonstrated
that less than 40% of the patients with creatinine clearance
above 80 mL/min attained a Ci v, >2 mg/L, even with a
maximal 12 MIU daily dose.

Loading Dose Plachouras et al. [106] suggested that
administration of a loading dose is necessary to achieve
effective colistin concentrations as soon as the first CMS
administration; two subsequent studies have assessed this
suggestion [71, 108]. In the first study, after administration
of 6 MIU of CMS to ten critically ill patients, colistin Cp,ax
values were on average 1.3 mg/L (range 0.3-2.6 mg/L) at
8 h following dosing and the mean colistin #,, was 18.5 h
[71]. In the second study, following administration of a
9 MIU loading dose to 19 critically ill patients the Cp,ax
values of colistin were also very variable (mean 2.65 mg/L,
range 0.9-5.1 mg/L) and the mean colistin #,, was 11.2 h
[108]. Colistin concentrations observed in this latter study
were therefore higher than expected from previous studies
performed by the same team [71, 106] but lower than those
predicted by Grégoire et al. [105]. Overall, these discrep-
ancies of colistin pharmacokinetics between studies were
attributed either to (1) a higher proportion of the A and B
forms in the more recent CMS formulations [108]; (2) the
use of different CMS brands; (3) the inclusion of patients
with different renal function; (4) CMS solutions for infu-
sions at concentrations below or above the CMCs of 5.7 g/
L (71,250 IU/mL); (5) in vitro conversion of CMS to
colistin after blood collection [109]; or (6) potential dis-
crepancies in the analytical methods (e.g. in the quantifi-
cation of partly sulfomethylated compounds and potential
hydrolysis during work-up) [108].

Dosing Suggestions Considering the pharmacokinetics
of both CMS and colistin, the CMS dose has to be adapted
to each patient’s renal function. In case of normal renal
function, all of the previous cited studies recommend a
maintenance dose of 9 MIU of CMS per day in two or
three injections [105, 106], which corresponds to the cal-
culated maintenance dose suggested by the algorithm of
Garonzik et al. [104]. It is of note that the most recent
publications all agree that CMS should be administered
twice daily [105-108]. The maintenance dose should be
adapted to the renal function of the patient. The European
Medicines Agency (EMA) suggests that for patients with a
creatinine clearance above 50 mL/min the daily dose

should be 9 MIU (up to 12 MIU in some cases, for patients
with good renal function), for patients with a creatinine
clearance between 30 and 50 mL/min the daily dose should
be between 5.5 and 7.5 MIU, and for patients with a cre-
atinine clearance between 10 and 30 mL/min the daily dose
should be 5 MIU [110, 111].

Concerning the loading dose, Garonzik et al. [104]
suggest it should be adapted to the patient’s body weight
without exceeding 10 MIU, whatever their renal function,
and to begin maintenance doses 24 h later. Karaiskos et al.
[108] demonstrated that a loading dose of 9 MIU followed
by the beginning of a maintenance dose 24 h later was safe
for their 19 critically ill patients with normal renal func-
tion. The Committee for Medicinal Products for Human
Use (CHMP) of the EMA proposed a loading dose of
9 MIU for patients above 60 kg and 6 MIU for patients
below 60 kg; doses up to 12 MIU may be required for
patients but the clinical experience with such doses is
limited [110]. The loading dose should apply to all patients
regardless of renal function. Recently, it was suggested that
the first maintenance dose be administered 12 h after the
loading dose [107].

9.5.2 Pharmacokinetics in Patients with Haemodialysis

In patients with highly impaired renal function, CMS is
poorly excreted in urine and therefore the fraction of dose
available for conversion to colistin is higher. As a conse-
quence, on days without a haemodialysis session, colistin
exposure was threefold greater in critically ill patients
requiring haemodialysis than in patients with preserved
renal function and treated with the same dosage [112].

Considering their molecular weights, CMS and colistin
fractions unbound in plasma can freely pass through dial-
ysis membranes. Moreover, colistin might also adsorb on
dialysis membranes, notably those used for continuous
renal replacement therapy, which could contribute to the
removal mechanism [113]. Indeed, during intermittent
haemodialysis sessions, CMS and colistin are efficiently
cleared [104, 113-116]. Mean clearance of CMS during
haemodialysis session was reported to be between 71 and
95 mL/min [104, 114, 116], and associated estimation of
inter-individual variability was sometimes low (26%
coefficient of variation) [114] but sometimes high (96%)
[104]. Mean clearance of colistin during haemodialysis
session was reported to be between 57 and 134 mL/min
[104, 114, 116]; inter-individual variability was estimated
to be moderate (15 and 44%) [104, 114].

Dosing Suggestions for Intermittent Renal Replacement
Therapy Previous data suggested that during a non-
haemodialysis day, the CMS daily dose should not exceed
3 MIU [104, 112], but recently Nation et al. [107] sug-
gested administration of 3.95 MIU per day to achieve the

A\ Adis



N. Gregoire et al.

average steady-state colistin concentration of 2 mg/L.
During a haemodialysis day, it is suggested that a supple-
mental dose be administered at the end of the haemodial-
ysis session (30-50% of the daily dose) [104]. In each
study, CMS was administered twice daily [104, 107, 112].

During continuous venovenous haemofiltration (CVVH)
Garonzik et al. [104] reported mean CMS and colistin
removal clearances slightly lower than those measured
during intermittent haemodialysis (64 vs. 95 mL/min and
34 vs. 57 mL/min for CMS and colistin, respectively).
During  continuous  venovenous  haemodiafiltration
(CVVHDF) Markou et al. [117] reported that extracorpo-
real clearance contributed to about 50% of total colistin
clearance; however, the total colistin clearance was lower
than that in patients with normal renal function, suggesting
that a dose reduction may be needed in critically ill patients
with CVVHDF. By contrast, Karvanen et al. [118] reported
that colistin concentrations obtained under CVVHDF and
receiving 2 MIU CMS every 8 h were lower than those for
corresponding patients without CVVHDF, and conse-
quently that CMS dosage should not be reduced for
patients undergoing CVVHDF. More strongly, Karaiskos
et al. [119] recommended an increased dose for patients
under CVVH with a loading dose of 12 MIU of CMS
followed by 13-15 MIU daily maintenance doses.

Dosing Suggestions for Patients Under Continuous
Venovenous Haemofiltration The last recommendations
published by Nation et al. [107] correspond with those
published by Karaiskos et al. [119] and suggest a mainte-
nance dose of 13 MIU daily divided into two doses. Con-
cerning the loading dose, even if a loading dose of 12 MIU
has been found more appropriate, clinical data of safety are
limited and it is recommended not to exceed 9 MIU
[107, 119]. Considering the large inter-individual vari-
ability, therapeutic drug monitoring (TDM) is advised for
patients undergoing CVVHDF [120].

9.5.3 Pharmacokinetics in Cystic Fibrosis (CF) Patients

The pharmacokinetics of colistin in CF patients have been
described after IV administration [77, 121] and after nebu-
lisation of CMS. Following IV infusion of CMS, plasmatic
pharmacokinetics for CMS were consistent between studies
[77, 121] and with healthy volunteers [60], i.e. the reported
values for clearance were about 100 mL/min, volume of
distribution about 18 L and #,, about 2.5 h. Colistin phar-
macokinetics in plasma after infusion of CMS were also
characterised by a f, close to that in healthy volunteers
(4-7 h) [77, 121]. However, it should be noted that after a
single IV infusion with the same CMS brand (Co]imycin®),
colistin (the active compound) exposure was 39% lower in
CF patients than in healthy volunteers, suggesting that col-
istin clearance could be higher in CF patients [122].
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After single nebulisation of CMS 2 or 4 MIU to CF
patients, Yapa et al. [77] reported CMS and colistin con-
centrations in sputum that were higher (C,,,x for colistin in
sputum ranging from 2.09 to 21.2 mg/L) than those
resulting from IV administration (Cp.x < 1.0 mg/L) [77].
Moreover, the systemic availability of CMS was low
(about 6%) and systemic exposures to CMS and colistin
were minimal. Ratjen et al. [86] reported colistin concen-
trations that were significantly higher (mean C,,,x about
40 mg/L) than those reported by Yapa et al. [77] in sputum
following nebulisation of a single dose of 2 MIU of CMS,
but their bioanalytical method for quantitating colistin
might have promoted the conversion of CMS into colistin
and thus overestimate colistin concentrations in sputum.

Dosing Suggestion for CF Patients Local administration
of CMS by nebulization with or without IV administration
is suggested for this population. CF centres worldwide
have adopted different inhaled CMS dosing regimens (dose
and dosing interval), with current therapies ranging from
1 MIU of CMS twice daily to 2 MIU of CMS three times
daily [122-125].

9.5.4 Pharmacokinetics in Burn Patients

In burn patients, after IV administration of CMS 5 MIU
every 12 h, the typical t,, of colistin was reported to be
6.6 h [126] and the clearance of colistin was comparable to
that of critically ill patients [103—-106] and healthy volun-
teers [60, 127], suggesting that it was not affected by the
hypermetabolism in burn patients. The volume of distri-
bution of colistin was slightly greater than that reported in
healthy volunteers and either greater [105] or lower
[104, 106] than those reported in critically ill patients.

10 Adverse Events

Two main types of toxicity, nephrotoxicity and neurotox-
icity, are reported with the use of colistin. However, recent
studies have reported that the incidence of nephrotoxicity is
less common and severe than that reported in studies and
case reports published until 1983 [128]. The observed
nephrotoxicity was as high as 50% in old studies versus
15-25% in recent studies, although the definition of
nephrotoxicity was not standardised between the studies
[128]. However, in a recent study in patients with severe
sepsis or septic shock, there was an incidence rate of acute
kidney injury (AKI) of 44% following colistin adminis-
tration [129]. Risk factors for nephrotoxicity include
baseline renal impairment, age, severity of illness,
nephrotoxic agents, duration of therapy and daily dose by
ideal body weight [129, 130]. A residual concentration of
colistin >2.42 mg/L. was also reported as a predictor for
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AKI [131]. In contrast, CF might be protective against the
development of nephrotoxicity [130].

Colistin-associated nephrotoxicity usually occurs within
the first 5 days of treatment and is reversible upon cessa-
tion of treatment [132, 133]. Renal insufficiency generally
manifests as a decrease in creatinine clearance but
haematuria, proteinuria, cylindruria or oliguria can also
occur [128]. The nephrotoxicity of colistin is certainly
related to its extensive renal tubular reabsorption due to the
numerous transporters located in the proximal tubules,
particularly the megalin (see Sect. 9.2) [64, 134]. Colistin
toxicity could be due to its accumulation in the endoplas-
mic reticulum and mitochondria of renal tubular cells,
resulting in a modification of the cell fate under oxidative
stress [135]. Coadministration of ascorbic acid at a daily
dose of 2—4 g in patients with severe sepsis was shown to
reduce the AKI risk to four times lower than that in patients
who did not receive ascorbic acid [129]. This effect could
be explained by a double kidney-protective effect toward
both colistin-induced and septic renal damage [129].
However, in another study with moderately ill patients the
ascorbic acid did not offer a nephroprotective effect [134].

The incidence of neurotoxicity related to the use of
colistin is lower than that of nephrotoxicity [128]. The
most frequent neurological adverse effect is paraesthesia,
which in old studies was reported to occur in 27 and 7.3%
of patients receiving IV and intramuscular CMS, respec-
tively. Other neurological adverse events include mental
confusion, vertigo, ataxia and seizure, but the most dreaded
complication is neuromuscular blockade presenting as
respiratory muscle paralysis and apnoea [128, 136]. Like
renal toxicity, neurological toxicity is considered to be
dose dependent and is usually reversible after early dis-
continuation of the treatment [128].

Colistin aerosol therapy is generally well-tolerated, with
few reported adverse events such as throat irritation, cough
and bronchospasm [137, 138].

Intrathecal/intraventricular administration is also well-
tolerated. One of the adverse effects reported is chemical
meningitis (5/153 cases reported between 1972 and 2016)
with complete resolution after the discontinuation of the
intrathecal administrations, and there is no mention of
nephrotoxicity [139].

11 Therapeutic Drug Monitoring

Because the pharmacokinetics of colistin is very variable
between patients (Fig. 4), and because its therapeutic
window is narrow, TDM of colistin is warranted after IV
administration [140]. TDM of colistin requires a validated
bioanalytical method (see Sect. 4). Because CMS can
hydrolyse into colistin after sampling, it is recommended

that blood specimens be drawn just before the next dose
(trough), i.e. when the CMS concentrations are the lowest,
and to handle the samples quickly.

It has been reported that colistin C 4y, values should be
higher than 2 mg/L to be effective [107]. These plasma
concentrations of colistin should allow the pharmacoki-
netic/pharmacodynamic indices to reach target values
determined in the mouse thigh infection model (ratio of the
area under the unbound concentration—time curve to the
MIC [fAUC/MIC] of about 12) for bacteria with an MIC
lower than 24 mg/L [111], which correspond to the
EUCAST breakpoint for susceptibility [44]. However,
minimum plasma concentrations (Cy,;,) of colistin higher
than 2.5 mg/L have been associated with an increased risk
of nephrotoxicity [131, 141]. Therefore, to be effective and
avoid adverse events, Cg 4y should ideally be between 2
and 2.5 mg/L. In practice, the clinically desirable range of
Cqs.ave 1s rather from 2 to 4 mg/L [107], but renal function
has to be monitored. Because it is preferable to draw the
samples just before the next dose and because the fluctu-
ations of plasma concentrations are relatively weak, this
therapeutic window can also apply to residual concentra-
tions. CMS dosing regimen has to be individualised
according to concomitant medications and to the risk/
benefit ratio for each patient.

12 Pharmacodynamics
12.1 In Vitro Pharmacodynamics
12.1.1 Experimental Issues

As the presence of Ca®" and Mg”" ions modifies the sus-
ceptibility of bacteria to colistin, their concentration into
broth should be controlled and CAMHB is generally used
for in vitro pharmacodynamic experiments with colistin
[41]. From an experimental point of view, the fraction of
colistin bound to CAMHB with initial colistin concentra-
tions of 10 and 30 mg/L was 5% [142]. Therefore, the
growth medium seems to not affect unbound concentra-
tions of colistin used for in vitro experiments.

The in vitro determination of bacterial susceptibility to
colistin poses numerous experimental problems. Several
studies reported potential non-specific binding of colistin to
experimental material [142—145]. Karvanen [146] charac-
terised the extent of the colistin loss in different types of
laboratory materials during simulated time-kill experiments
without bacteria. The type of material and the concentration
of colistin were the two main factors contributing to non-
specific binding of colistin: out of four tested materials
(glass, polypropylene, polystyrene and low protein-binding
polypropylene), none performed well enough to enable to
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ignore binding to material at concentrations between 0.125
and 8 mg/L. The best performing material was low protein-
binding polypropylene with colistin loss between 45 and
10%. The relative loss due to binding increased when the
concentration decreased; for instance in CAMHB, when
using large polypropylene tubes, at 24 h the measured
colistin concentration represented 13 and 62% of the 0 h
concentrations of 0.125 and 4 mg/L, respectively. In poly-
styrene microplates the colistin losses were even larger, e.g.
the measured concentration represented 4% of the expected
8 mg/L. concentrations [146]. The impact of this non-
specific binding on in vitro pharmacodynamic results is
unclear. However, it is recommended, when possible, that
low protein-binding polypropylene be used and colistin
concentrations are measured during the time course of the
experiments.

12.1.2 Pharmacokinetics/Pharmacodynamics of Colistin
Alone

For colistin, in vitro pharmacokinetic/pharmacodynamic
studies mainly focused on three Gram-negative pathogens:
P. aeruginosa, A. baumannii and K. pneumoniae.

Determination of the pharmacokinetic/pharmacody-
namic index that best predicted colistin efficacy on P.
aeruginosa was performed using a dynamic in vitro phar-
macokinetic model. fAUC/MIC was shown to be the
pharmacokinetic/pharmacodynamic index that most clo-
sely correlated with the killing of P. aeruginosa, with
target values for 2 log;q kill at 24 h of between 27.2 and
41.7 for reference strains (ATCC27853 and PAO1) [147].

In time-kill experiments, with a constant concentration of
colistin over time, colistin was shown to be bactericidal on 21
P. aeruginosa strains at concentrations higher than
0.5 x MIC, with complete killing happening very quickly
and bacteria becoming undetectable 4 h after treatment ini-
tiation. At concentrations equal to 0.5 x MIC, a small initial
decrease in the concentration of colony forming units (cfu)
was observed, followed by regrowth at 24 h [148] (Fig. 6).
Time-kill experiments were also performed on the A. bau-
mannii ATCC19606 reference strain and on 16 clinical iso-
lates. Similar to what was observed with P. aeruginosa, low
concentrations of colistin produced an initial decrease in cfu/
mL followed by regrowth at 24 h [149]. In time-kill exper-
iments on reference and clinical strains of K. pneumoniae, a
regrowth was also observed after an initial rapid killing, even
at a high colistin concentration (i.e. 64 x MIC) [150].

Dynamic in vitro models allow mimicking of human
clinical regimens and evaluation of antimicrobial efficacy
at concentrations varying over time. In this way, the effi-
cacy of four different clinical dosing regimens of colistin
against A. baumannii were compared, but none were able
to eradicate the bacterial strain [151].
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Fig. 6 Typical observed profile from one experiment for static time-
kill curves for Pseudomonas aeruginosa exposed to colistin. Time-
kill curve experiments for wild-type (ATCC27853) P. aeruginosa
with concentrations ranging between 0.042 and 12 mg/L (minimum
inhibitory concentration [MIC] = 1 mg/L). Reproduced from
Mohamed et al. [155] with permission of the American Society of
Microbiology. cfu colony-forming units

Population analysis profiles (PAPs) can be performed
during time-kill or dynamic experiments in order to explore
the heteroresistance phenomenon, characterised by the
presence of several subpopulations of bacteria with dif-
ferent susceptibilities to colistin. A dynamic in vitro
pharmacokinetic model was used to compare the efficacy
of colistin regimens with 8, 12 or 24 h dosing intervals
against P. aeruginosa [152]. No difference in bacterial kill
was observed between regimens, but PAPs suggested that
the 8 h dosing interval minimised the emergence of resis-
tance [152]. PAPs on A. baumannii strains showed that 15
of 16 clinical isolates contained a resistant subpopulation,
representing a small fraction of bacteria, at the start of the
experiment. This so-called ‘heteroresistance’ was observed
even though all strains were classified as colistin sensitive
according to their MIC values [149]. Heteroresistance was
also observed with reference and clinical K. pneumoniae
strains, even in strains categorised as colistin sensitive
based on their MIC [150].

Semi-Mechanistic Modelling Traditional analysis of
pharmacokinetic/pharmacodynamic ~ experiments  are
mostly qualitative, based on the variations of bacteria
counts at a given time. Analysis data with semi-mecha-
nistic mathematical models are useful to quantify the
phenomenon observed during time-kill or dynamic exper-
iments, such as bacterial resistance, antimicrobial efficacy
or inoculum effect. Moreover, once a model has been
developed it can be used to simulate different dosing
regimens.
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Table 1 Chequerboard results

Drug class Bacteria species References

Klebsiella pneumoniae Pseudomonas aeruginosa Acinetobacter baumannii
B-Lactam - 18/125 63/245 [161, 164, 165, 183, 184]
Carbapenem 3/8 1/1 63/124 [156, 158, 161, 167]
Ciprofloxacin - 14/26 - [183]
Fosfomycin - 19/87 - [157]
Glycopeptide 1/12 0/4 38/111 [157-160, 162, 169, 171, 172, 174]
Linezolid - - 6/40 [162]
Daptomycin - - 2/2 [170]
Rifampicin 8/8 - 10/45 [158, 172, 184]
Tigecycline 6/8 - 18/95 [158, 166, 184]
Trimethoprim 2/8 0/8 8/8 [174]

Fractions are given as the number of strains with a Fractional Inhibitory Concentration Index (FICI) <0.5/total number of strains tested

These pharmacokinetic/pharmacodynamic models have to
describe the bacterial resistance to colistin. Resistance of P.
aeruginosa and A. baumannii has been modelled either by
splitting the bacterial population into several growing sub-
populations with different susceptibility to colistin [ 153, 154],
or with one sensitive subpopulation that adapts itself in the
presence of colistin and gradually becomes resistant to it, but
that can also switch to a non-growing ‘persistent’ form [155].

Mechanistic models can take into account some other
aspects of the colistin mechanism of action, such as the
inoculum effect and the competitive binding between
cations (i.e. Ca®" and Mg>") and colistin on the bacterial
LPS [153, 154].

These models enable characterisation of the suscepti-
bility of a specific strain to colistin (e.g. concentration of
drug producing 50% of maximum effect [ECsg] = 1.16 mg/
L for P. aeruginosa ATCC27853 [155]), the bacterial
growth rate (e.g. mean turnover time of 75 min for A.
baumannii ATCC19606 [154]) or the adaptation develop-
ment rate (first-order adaptation rate constant of 7.2 h~" for
A. baumannii ATCC19606 [154]).

Based on a pharmacokinetic/pharmacodynamic model,
recommendation of a flat fixed loading dose followed by 8-
or 12-hourly maintenance doses with an infusion duration
of up to 2 h was made for patients infected with P.
aeruginosa [155]. In A. baumannii infection, these simu-
lations suggested that with current regimens used in the
clinical setting, polymyxin B administration was better
than colistin administered as CMS because of more rapid
target concentration attainment [154].

12.1.3 Pharmacokinetics/Pharmacodynamics of Colistin
in Combination

In order to counteract the growing number of colistin-re-
sistant strains, recent studies have shifted from studying

colistin monotherapy to studying colistin activity in com-
bination. Multiple methods have been used to evaluate the
efficacy of combinations. Chequerboards and E-tests have
been used for initial screening but, given the problems
encountered with colistin E-tests (see Sect. 12.1.1), results
obtained with this method are not covered in this review.
Interesting combinations have been more thoroughly
studied using time-kill experiments, with data resulting
from these experiments being analysed with traditional
methods or mathematical modelling.

Chequerboards Chequerboard results reported in the
literature are summarised in Table 1. Chequerboard studies
were interpreted by calculating the Fractional Inhibitory
Concentration Index (FICI). Thresholds for FICI were
usually as follows: FICI <0.5 indicated synergy, FICI
between 0.5 and <4 indicated indifference/additivity and
FICI >4 indicated antagonism [23, 155-171].

The most studied species was A. baumannii (n = 670) and
the most tested antibiotic family were B-lactams (n = 370).
From this review of the literature, the global rate of synergy
between colistin and various antibiotics was 29% (280/965).
When synergy was not elicited, the different combinations
were at least additive or indifferent, except for some very rare
cases of antagonism. Therefore, these chequerboard results
support the use of colistin in combination, even if no partic-
ular antibiotic class seems to be synergistic with colistin.

Time-Kill Experiments In time-kill experiments, com-
binations were considered synergistic when they led at
least to a 2 log;o cfu/mL decrease compared to the most
active monotherapy at 24 h.

Colistin was shown to be synergistic with imipenem,
doripenem, vancomycin, rifampicin (rifampin), trimetho-
prim and trimethoprim/sulfamethoxazole against A. bau-
mannii strains [167, 171-174]. The addition of sulbactam
improved the efficacy of the doripenem—colistin combina-
tion [173].
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Against K. pneumoniae strains, colistin was shown to be
synergistic with aztreonam, fosfomycin, meropenem,
rifampicin, trimethoprim, trimethoprim/sulfamethoxazole
and vancomycin [168, 174]. The same was true for aztre-
onam, fosfomycin and rifampicin in triple-antibiotic com-
binations with meropenem and colistin [168].

Colistin was shown to be synergistic with trimethoprim,
trimethoprim/sulfamethoxazole and vancomycin against
one colistin-resistant strain of P. aeruginosa [174].

Traditional time-kill criteria for evaluating synergy (e.g.
Alog;o cfu/mL at 24 h) have the same limitations as FICI
to show a synergy when one of the tested drugs is already
effective against the studied strain, because it is hard to
improve an already important effect. This could explain
why synergy was more often observed against strains that
were resistant to one antibiotic of the combination than
against sensitive strains. Moreover, time-kill studies found
synergistic combinations more often than chequerboards.
This could be either because the time-kill experiments are a
more powerful tool to demonstrate synergy or because
time-kill experiments focused on more resistant strains.
Indeed, the number of strains tested by chequerboards was
generally greater than that tested by time-kill experiments
because chequerboards are quicker and cheaper.

Semi-Mechanistic Modelling Built on a previously
developed pharmacokinetic/pharmacodynamic model for
colistin against P. aeruginosa [153], a model for the col-
istin—doripenem combination effect on P. aeruginosa was
developed from time-kill and PAPs data [163]. In this study,
multiple dosing regimens and inocula were tested. Results
suggested that colistin monotherapy, even at a high dose,
should be avoided due to rapid amplification of resistant
subpopulations. In contrast, the results suggest that the col-
istin—doripenem combination would be efficient. The impact
of the combination on the different subpopulations charac-
terised by the PAPs was also assessed.

Based on another previously developed pharmacoki-
netic/pharmacodynamic model of colistin on P. aeruginosa
[155], a model of the colistin—-meropenem combination
effect on P. aeruginosa was developed from time-kill data
[175]. This pharmacokinetic/pharmacodynamic model
suggested that the combination at clinically achievable
concentrations would be efficient to treat infections with
meropenem-resistant P. aeruginosa.

12.2 In Vivo Pharmacodynamics

Only a few in vivo pharmacodynamic studies have been
performed with colistin alone or in combination. Studies of
colistin monotherapy focused on the determination of the
best pharmacokinetic/pharmacodynamic index and its tar-
get value. Studies of colistin combination therapy used
Alogo cfu/mL at different timepoints to assess synergism.
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12.2.1 Colistin Alone

The pharmacokinetic/pharmacodynamic index that best
predicted in vivo colistin efficacy was determined in mice
thigh and lung infection models with three P. aeruginosa
strains and three A. baumannii strains. Initially, two studies
reported in vivo pharmacokinetic/pharmacodynamic index
target values [176, 177], but errors in the determination of
the in vivo f, of colistin led the experiments to be repeated
[67]. In this next study, fAUC/MIC was the pharmacoki-
netic/pharmacodynamic index that most closely correlated
with the killing of bacteria. In the thigh infection model,
target values for 2 log kill were between 7.4 and 13.7 for
P. aeruginosa strains and between 7.4 and 17.6 for A.
baumannii strains. In the lung infection model the target
values for efficacy were much higher. It was possible to
achieve 2 log;y kill in lung for only two-thirds of P.
aeruginosa and one-third of A. baumannii strains (target
values of fAUC/MIC between 36.8 and 105) [178].

12.2.2 Colistin in Combination

A murine thigh infection model was used to evaluate
combinations of colistin and several antibiotics against
extensively drug-resistant (XDR) A. baumannii [179] and
against K. pneumoniae and E. coli [180]. Efficacy was
evaluated with bacterial counts in thigh at 24 h. Rifampi-
cin, fusidic acid and meropenem combined with colistin
were synergistic against XDR A. baumannii [179]. By
contrast, colistin and tigecycline in association were
antagonist against several strains of K. pneumoniae and
E. coli [180].

Colistin monotherapy and its combination with tigecy-
cline were compared in a mice sepsis model infected by
carbapenem-resistant K. pneumoniae [181]. Colistin and
tigecycline monotherapies significantly reduced bacterial
counts in liver and lung tissues, but the combination ther-
apy was not superior to these monotherapies.

Readers especially interested in clinical combinations of
polymyxins are referred to Lenhard et al. [182] for a more
detailed review.

13 Conclusion

Pharmacokinetic and pharmacodynamic studies on colistin
are difficult to carry out because it binds to many types of
laboratory materials. Colistin renal clearance is very low
due to intensive tubular reabsorption. However, the dosing
regimen of colistin should be adapted to the renal function
of the patient because CMS is partly eliminated by the
kidney. Moreover, because the pharmacokinetics of col-
istin are very variable, and because its therapeutic window
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is narrow, TDM of colistin is warranted. Resistance of
bacteria to colistin is increasing worldwide in parallel to its
clinical and veterinary uses. In vitro, when exposed to
colistin, bacteria develop resistance mechanisms rapidly. In
these cases, pharmacokinetic/pharmacodynamic models
can be used to quantify the loss of colistin efficacy and
determine optimal dosing regimens. The use of a loading
dose might reduce the emergence of resistance but the use
of colistin in combination also seems necessary. Some
pharmacokinetic/pharmacodynamic studies of colistin in
combination have already been conducted, but further
investigations are necessary.
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X.B. Projet CO-ACTION

Dans le projet CO-ACTION, c¢’est I’autre polymyxine, la polymyxine B qui a été sélectionnée comme ND-
AB de base a combiner avec les autres molécules[116]. La polymyxine B partage de nombreuses
caractéristiques avec la colistine, mais quelques différences subsistent, qui vont étre évoquées dans cette

partie.
X.B.1. Polymyxine B

Chimiquement, la polymyxine B est comme la colistine un mélange de plus de 30 composants, la différence
entre la polymyxine B et la colistine étant la substitution d’une D-Leucine par une D-phénylalanine dans le

cycle peptidique[117] (Voir figure 17).

X —L-Dab — Thr — L-Dab — L-Dab

é é \Thr—L-Dab_ L-Dab
© ©

Dab, Diaminobutyric acid; Thr, Threonine; Phe, Phenylalanine;
Leu, Leucine; L, Levogyre; D, Dextrogyre

X | Fatty acid residue differing between the components of
the mixtures: 6-methyloctanoic acid for colistin A and
polymyxin B1, and 6-methylheptanoic acid for colistin B,
and polymyxin B2

Aminoacid differing between colistin and polymyxin B:
D-Leu for colistin, and D-Phe for polymyxin B

Groups differing between colistin/polymyxin B and
colistimethate: -NH, for colistin and polymyxin B,
and -NH-CH,-SO3H for colistimethate

Figure 17. Structures de la colistine A et B, du colistimethate A et B, ainsi que de la polymyxine Bl et B2 (d’apres [118])
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Cette modification ne semble pas entrainer de variation majeure de la pharmacodynamie et les deux
molécules sont considérées comme équivalentes in vitro[119]. La principale différence entre les deux
molécules vient de I’usage clinique qui en est fait. En effet la colistine est administrée sous la forme d’une
pro-drogue inactive, le méthanesulfonate de colistine sodique (CMS) moins toxique que la forme active le
sulfate de colistine[120], qui est ensuite converti in vivo en sa forme active. La polymyxine B en revanche
est administrée directement dans sa forme active, rendant sa pharmacocinétique moins variable. De plus, de
plus faibles taux de nephrotoxicité ont été reportés apreés traitement par la polymyxine B [119,121-123]. En
revanche, il faut noter que dans le cas d’infections urinaires le traitement par la polymyxine B n’est pas
appropriée, car elle est peu excrétée par le rein[124], contrairement au CMS qui peut ensuite étre converti

en colistine dans le tractus urinaire.

Le projet CO-ACTION s’intéresse particuliérement aux bactéries a Gram négatif multirésistantes, et plus
précisément a Pseudomonas aeruginosa, Klebsiella pneumoniae, et Acinetobacter baumannii. Notre

laboratoire s’est vu confier les études in vitro vis-a-vis d’A. baumannii.

X.B.2. Acinetobacter baumannii

X.2.a. Epidemiologie clinique

A. baumannii est un cocobacille Gram négatif qui pose de plus en plus de problemes en clinique de par la
variété d’infections qu’il provoque et a cause de I’émergence de souches multirésistantes[125]. Ce
pathogéne est responsable notamment de pneumopathies acquises sous ventilation dans les services de soins
intensifs[126]. La mortalité globale des pneumopathies acquises sous ventilation varie selon les rapports
entre 40% et 70%[127,128] et il a été montré que ’infection par A. baumannii était associée a une
augmentation de la mortalité[129-132]. Cette bactérie est aussi responsable de sepsis dans les services de
soins intensifs[133]. Parmi les facteurs de risques associés a 1’infection il y a I’immunodépression, la
ventilation associée a une défaillance respiratoire, le traitement par les antibiotiques et les procédures
invasives[134-136]. La mortalité associée a ces infections varie selon les rapports entre 28% et 43%
[133,137]. Plus rarement A. baumannii peut étre responsable d’infections des zones de bralures, des tissus

mous ou de méningites[125].

X.2.b. Résistance aux antibiotiques

Le «succes » des infections dues & A. baumannii peut étre en partie attribué a la variété des mécanismes de

résistances pouvant étre développés par ce pathogene. Le tableau 2 en présente les principaux.
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Tableau 2. Mécanismes de résistance aux antibiotiques d'Acinetobacter baumannii (d’apreés [125])

Classe Mécanisme de résistance Exemples
antibioitique
B-lactamines Enzymes d’inactivation B-lactamases (AmpC, TEM, VEB®, PER,

Fluoroguinolones

Aminoglycosides

Tétracyclines

Glycylcyclines

Polymyxines

(colistine)

Reduction de D’expression des
proteins de la membrane externe
Expression de protéine liant les
pénicillines altérée

Pompes d’efflux

Modification de la cible

Pompes d’efflux

Enzymes modifiant les
aminoglycosides
Pompes d’efflux

Méthylation ribosomale

Pompes d’efflux

Protection ribosomale

Pompes d’efflux

Modification de la cible

CTX-M,SHV)

Carbapénémases (OXA-23,-40,-51,-58,143-
like, VIM, IMP,NDM-1,-2)

CarO, 33-36 kDa protein, OprD-like protein
PBP2

AdeABC

Mutations dans gyrA et parC
AdeABC, AdeM

AAC"™, ANT, APH""*

AdeABC,AdeM
ArmA

AdeABC, TetA", TetB
TetM

AdeABC
PmrA/B

(modification du LPS), mutation des génes de
biosynthése du LPS

Mutations dans le systeme

“Retrouvé dans AbaR1 de la souche A. baumannii AYE[138]
“Retrouvé dans AbaR2 de la souche A. baumannii ACICU[139]

Une étude rétrospective étudiant les souches isolées au Royaume-Uni entre 1998 et 2006 a montré une
augmentation du pourcentage de souches résistantes aux carbapénémes qui est passé de 0% a 55% des isolats

d’A. baumannii ayant causé une bactériémie[140]. Cette résistance posséde aussi un colt économique, une
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étude des bactériémies causées par A. baumannii dans un hdpital de Taiwan a montré que les souches
multirésistantes étaient responsable d’une augmentation des coits de 3758$ par patients ainsi qu’une
augmentation de la durée d’hospitalisation de 13.4 jours par patient, en moyenne, par rapport aux

bactériémie causées par des souches d’A. baumannii non résistantes[132] .

En conséquence, et face a I’absence de nouveaux traitements, les souches d’A. baumannii résistantes aux
carbapénémes font partie des bactéries de priorité critique, sur lesquelles ’OMS demande que les acteurs

de la recherche et du développement concentrent leurs efforts[5].
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La premiére partie du projet a consisté a la réalisation d’expériences de checkerboards afin de pouvoir tester
rapidement plusieurs combinaisons sur de multiples souches d’A. baumannii. 5 couples de souches cliniques
obtenues avant et apres traitement du patient par la colistine. 6 molécules ont été testées en combinaison
avec la polymyxine B, la fosfomycine, le chloramphénicol, I’aztréonam, le méropénéme, la minocycline et

la rifampicine. L’étude est présentée dans 1’article 3.
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1. Abstract

1.1 Introduction

In the fight against multi-drug resistant Acinetobacter baumannii, antibiotics like polymyxins are the last
line of defence. As polymyxin-resistance is emerging worldwide, solutions are needed. Combining a
polymyxin with another antibiotic could be an option. Colistin resistant strains could be more susceptible
to polymyxin B, being naive to it. Also, colistin is administered as a prodrug while polymyxin B is
administered as an active moiety to patients, making its pharmacokinetics easier to predict, making

polymyxin B interesting to study.
1.2 Objectives

Identify promising polymyxin B-based antibiotic combinations to use against colistin resistant A.

baumannii.
1.3 Methods

Eleven A. Baumannii strains were tested including 5 colistin resistant clinical isolates. MICs of colistin,

polymyxin B, minocycline, rifampicin, aztreonam, chloramphenicol, fosfomycin and meropenem were
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determined for all strains then, checkerboards evaluating the effect of minocycline, rifampicin, aztreonam,

chloramphenicol, fosfomycin and meropenem combined with polymyxin B were performed on all strains.
1.4 Results

All strains showed high MICs for aztreonam, chloramphenicol and fosfomycin and 7/11 of the studied
strains were resistant to meropenem. All strains were susceptible to minocycline, and 8/11 of the studied
strains showed low rifampicin MICs. On all colistin resistant strains, using clinical concentrations of
minocycline restored their sensitivity to polymyxin B. Using clinical concentrations of rifampicin restored

sensitivity to polymyxin B of 4 out of 5 colistin resistant strains.
1.5 Conclusions

A. baumannii strains resistant to colistin can be susceptible to polymyxin B and combining polymyxin B

with minocycline or rifampicin can be effective at clinically achievable concentrations of both antibiotics.

2. Keywords

Antibiotic combination, checkerboard, bacterial resistance, polymyxins, rifampicin, minocycline

3. Introduction

Acinetobacter baumannii is one of the most difficult to treat multi-drug resistant (MDR) pathogens
responsible for opportunistic nosocomial infections all over the world [1]. It can cause a broad range of
infections, the deadliest being ventilator associated pneumonia and bloodstream infections [2], and has the
ability to become resistant to a wide variety of drugs [3]. In face of these resistances, neglected and
disused antibiotics like polymyxins (colistin and polymyxin B) may be used as the last line of defence
against MDR A. baumannii [4]. While chemically similar, the two polymyxin have their differences,
colistin is administered as a prodrug, colistin methanosulphate (CMS) while polymyxin B is administered
as an active moiety to patients, making its pharmacokinetics less variable thus easier to predict. Also
lower nephrotoxicity rates were reported with polymyxin B [5-8]. As resistance to polymyxin is emerging
worldwide [9], there is an increasing demand for new therapeutic strategies to overcome such resistance.
Since only colistin is available in Europe, colistin resistant strains could still be susceptible to polymyxin
B. Also, using combinations of existing antibiotics with polymyxins could help overcoming resistance.
Hence, in this work, polymyxin B was used with the aim to identify promising polymyxin B-based

antibiotic combinations to use against colistin resistant A. baumannii.

4. Materials and Methods
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Eleven A. Baumannii strains were tested: ATCC19606 reference strain and 5 colistin susceptible/resistant

clinical isolates couples, before and after treatment by colistin. Strain description can be found in Table 1.

MICs of colistin, polymyxin B, minocycline, rifampicin, aztreonam, chloramphenicol, fosfomycin and
meropenem were determined for all strains in duplicate by broth microdilution according to CLSI standard
procedure [14].

Checkerboards evaluating the effect of minocycline, rifampicin, aztreonam, chloramphenicol, fosfomycin
and meropenem combined with polymyxin B were performed. For each well without bacterial growth,
fractional inhibitory concentration index (FICI) values were calculated as follows: FICI = FICA + FICpus
=[A]/MICa + [PMB]/MICpnmg (where [A] is the concentration of the antibiotic associated with polymyxin
B and MICax its MIC, [PMB] is the concentration of polymyxin B and MICppmg its MIC).

For each checkerboard plate, the minimum FICI (FIClnin) was determined and the FICInin values were
averaged over the replicates. These FICImin were interpreted as follows: FICImin < 0.5 synergy, FICImin > 4

antagonism, 0.5 < FIClmin < 4 no interaction. Checkerboards were replicated 2 to 4 times.

5. Results and discussion

MIC values are presented in Table 1. colistin MICs were in accordance with previously published data
[10-13]. Polymyxin B and colistin had similar MIC values against colistin susceptible strains, but against
colistin resistant strains polymyxin B had much lower MIC values (16 to 128-fold difference). This
difference is unexplained though and warrants further investigation. All strains showed high MICs for
aztreonam, chloramphenicol and fosfomycin and most of the studied strains (7/11) were resistant to
meropenem according to EUCAST with the exception of ATCC19606, 248, 249 and 347 [15]. All strains
were susceptible to minocycline according to CLSI [16], and all but 3 (CS01, CR17, ABlsac_ColiR)
showed low rifampicin MICs. Although minocycline and rifampicin are not usually recommended against
A. baumannii [17,18], our results indicated that they could still be used alone or as part of combinations

against this bacteria as already suggested by other studies [19,20].

Checkerboard results are presented in Table 2. To further improve polymyxin B efficacy on CSTx strains,
the two most promising candidates were minocycline and rifampicin. In addition to being synergistic with
polymyxin B, minocycline exhibits low MIC against colistin resistant strains, and could therefore be a
good candidate for being combined with polymyxin B to treat colistin resistant strains. On all colistin
resistant strains using clinical concentrations of minocycline restored their susceptibility to polymyxin B,
i.e. in presence of minocycline, the polymyxin B MIC was below the CLSI breakpoint for resistance (2

mg/L). rifampicin was another good candidate for combination with polymyxin B based on MIC results.
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Using clinical concentrations of rifampicin restored sensitivity to polymyxin B of 4 out of 5 colistin
resistant strains, including strain CR17 which had a rifampicin MIC >512 mg/L when used alone. Indeed,
when polymyxin B and rifampicin were used in combination on CR17, a concentration of 8 mg/L of
rifampicin brought the polymyxin B MIC to 1 mg/L which is below the CLSI breakpoint for resistance (2
mg/L).

The first major result of this study was that polymyxin B exhibited much better activity than CST against
the colistin resistant strains used in this paper. Also combining polymyxin B with minocycline or
rifampicin show promising results, especially on colistin resistant strains, now these promising results

have to be confirmed.
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Table 1. Description of A. baumannii isolates and MIC results

CST PMB
(2 (>2)

FOF CHL ATM MEM MIN RIF
(n.d) (n.d) (n.d) (>4% (>8) (n.d.)

Strain Ref. Description

ATCC19606 Reference strain 0.25 05

Cs01 [141] Clinical isolate recovered 0.5 0.25
from CSF of a patient
treated for meningitis

CR17 [141] Isogenic derivative 128 8
mutant of CR17; single
amino acid substitution
(Metl16Lys) in PmrA

062 D6 [142] Clinical isolate recovered 0.25 0.25
from bronchoscopy of a
febrile patient

062 D7 [142] Isogenic derivative 256 4
mutant of 062 D6; with
duplication of 30
nucleotides in PmrB

248 [143] Clinical isolate recovered 0.5 0.5
from pus of an ICU
patient

249 pmrB [143] Isogenic derivative 128 4
mutant of 248; single
amino acid substitution
(Pro233Ser) in PmrB

299 [143] Clinical isolate recovered 0.5 0.5
from bronchial secretion
of an ICU patient

347 pmrB [143] Isogenic derivative 64 4
mutant of 299; single
amino acid substitution
(Prol70Leu) in PmrB

ABlsac_ColiS [144] Clinical isolate recovered 0.5 0.5
from pulmonary
secretions of a
pneumonic patient
ABIlsac_ColiR [144] Isogenic derivative 128 1
mutant of ABlIsac_ColiS;
single amino acid
substitution in (GIuSAsp)
PmrA

128

512

512

512

64

256

256

512

512

256

128

64

128

32

16

64

128

64

32

64

128

16

32

32

64

32

128

128

64

128

32

16

05 006 1

64 4 >512

64 4 >512

16 0.06 0.25

32 003 4

8 025 2

16 0.125 2

8 025 2

32 0.25 0.125

32 0.25 >512

“ Clinical breakpoint for resistance according to CLSI [13], * Clinical breakpoint for resistance
according to EUCAST [12], n.d.: not determined. CST : colistin, PMB : polymyxin B, FOF :

fosfomycin, CHL : chloramphenicol, ATM :aztreonam, MEM, meropenem, MIN : minocycline, RIF

‘rifampicin
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Table 2: FICI from checkerboard synergy testing. FICIs were determined by checkerboard; the values

correspond to the mean of the minimal FICI values for each plate. S: FICIminavg < 0.5 = Synergy, NI:

0.5 < FIClminavg < 4 = No interaction. Grey cells are indicating synergy.

Strain Means of FIClnin
FOF CHL ATM MEM MIN RIF

ATCC19606 | 0.50(S) | 0.61 (NI) | 0.73 (NI) | 0.88 (NI) | 0.56 (NI) | 0.50 (S)
Cs01 0.88(NI) | 0.52 (NI) | 0.69 (NI) | 0.79 (NI) | 0.81 (NI) | 1.00 (NI)
CR17 0.22(S) | 0.63(NI) | 0.31(S) | 0.31(S) |0.27(S) |0.10(S)
062 D6 0.71 (NI) | 0.77 (NI) | 0.70 (NI) | 0.77 (NI) | 0.67 (NI) | 0.41 (S)
062 D7 0.64 (NI) 1 0.33(S) | 0.42(S) | 0.50(S) | 0.79 (NI) [ 0.12(S)
248 0.69 (NI) | 0.69 (NI) | 0.52 (NI) | 0.55 (NI) | 0.55 (NI) | 0.39 (S)
249 pmrB 0.45(S) |[0.44(S) |0.43(S) |0.38(S) | 0.40(S) |0.08(S)
299 0.31(S) | 0.63(NI) | 0.69 (NI) | 0.50(S) | 0.53 (NI) | 0.69 (NI)
347 pmrB 0.46(S) | 0.59 (NI) | 0.31(S) | 0.28(S) | 0.44(S) |0.09(S)
ABlsac_ColiS | 0.34(S) | 0.56 (NI) | 0.66 (NI) | 0.50(S) [ 0.31(S) | 0.38(S)
ABlsac_ColiR | 0.41(S) | 0.52(NI) | 0.44(S) | 0.44(S) [0.50(S) | 0.53(NI)

CST : colistin, PMB : polymyxin B, FOF : fosfomycin, CHL : chloramphenicol, ATM :aztreonam,

MEM, meropenem, MIN : minocycline, RIF :rifampicin
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Les résultats de cette étude préliminaire ont mis en évidence un intérét supplémentaire de la polymyxine
B vis-a-vis de la colistine, qui contre les souches testées, a montré une efficacité plus grande que la
colistine. Aussi elle nous a permis d’identifier des combinaisons intéressantes a des concentrations

atteignables en clinique, qu’il nous fallait maintenant étudier plus en détail.

Le choix s’est porté sur la combinaison polymyxine B + minocycline contre la souche CR17 pour
plusieurs raisons. Tout d’abord cette combinaison a été identifiée comme étant aussi synergique contre
les souches de K. pneumoniae et de P. aeruginosa étudiées par les autres membres du consortium CO-
ACTION. De plus la souche CR17 était la seule souche parmi celles testées a étre considérée comme
résistante a la polymyxine B vis-a-vis des criteres définis par le CLSI[13] et aussi a la limite d’étre

résistante vis-a-vis de la minocycline selon ces mémes critéres.
X.C.1. Minocycline

La minocycline est une tétracycline de seconde génération mise sur le marché dans les années
60[145,146].

N

~

/
\
/

Figure 18 Formule chimique de la minocycline (d'aprés[147])

X.l.a. Mecanisme d’action

La minocycline agit en se liant a la sous unité 30S du ribosome bactérien, inhibant par ce biais la

synthése protéique[145]
X.1.b. Spectre antibactérien et indications

Cet antibiotique est lipophile a pH physiologique[106] ce qui lui permet une bonne pénétration dans les

cellules de I’héte et dans les bactéries. Cette molécule est disponible en voie orale et intraveineuse et
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est aujourd’hui utilisée principalement contre les organismes multirésistants, y compris A. baumannii

aprés avoir établi que la souche y était sensible[148,149]

X.1.c. Mécanismes de résistance

La minocycline n’est pas affectée par les mécanismes classiques de résistances aux tétracyclines, les
pompes d’efflux AdeABC, TetA ou la protection ribosomale conférée par une mutation de tetM. La
principale forme de résistance d’A. baumannii a la minocycline est associée au géne tetB qui code pour
une pompe d’efflux et il a été montré lors d’une étude sur 258 souches que le géne était absent chez les
93 souches classées comme sensibles par leur CMI et qu’il était présent chez 154 des 165 (93.3%)

souches classées comme résistantes par leur CMI[150].
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Pour aller au-dela des études de checkerboards de I’article 3, une étude de la PK/PD de 1’association
polymyxine B et minocycline contre la souche CR17 est présentée dans 1’article 4. Cette étude in vitro
comprend des données de bactéricidie avec suivi de la densité de bactéries résistantes a la polymyxine
B, enrichies d’expériences complémentaires servant a préciser les caractéristiques de cette sous-
population résistante. Ces données ont toutes été analysées par modélisation PK/PD semi-mécanistique

afin d’en extraire un maximum d’information.
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X.D. Article 4. Semi-mechanistic PK-PD modelling of combined polymyxin B and
minocycline against a polymyxin-resistant strain of Acinetobacter baumannii
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Abstract
Obijectives

The goal of this study was to expand on previous reports of synergy between polymyxin B and
minocycline against Acinetobacter baumannii and gain insights on the qualitative and quantitative

determinants of the synergy.
Methods

A semi-mechanistic PK/PD model was developed based on in vitro time-kill experiments data with
determination of resistant bacterial count to describe the effects of polymyxin B and minocycline
alone and in combination. The model was enriched by complementary experiments providing

information on the characteristics of the resistant sub-population.
Results

The model successfully described the data and made possible quantification of the strength of
interaction between the two drugs and to formulation of hypotheses about the mechanisms of the
observed interaction. Synergy between polymyxin B and minocycline is confirmed on a polymyxin B
resistant A. baumannii strain. The effect of the combination is driven by minocycline and

concentrations above 1 mg/L prevent selection of the polymyxin B resistant subpopulation.
Conclusions

Synergy observed in checkerboards between polymyxin B and minocycline is confirmed on a
polymyxin B resistant A. baumannii strain. The main effect of the combination is driven by
minocycline and concentrations above 1 mg/L prevent selection of the polymyxin B resistant
subpopulation in addition to reduce adaptive resistance to polymyxin B, in addition low concentrations

(0.1 mg/L) of polymyxin B are sufficient to significantly enhance minocycline efficacy.

Introduction

Acinetobacter baumannii is one of the most difficult to treat multi-drug resistant (MDR) pathogens
responsible for opportunistic nosocomial infections worldwide [1]. It can cause a broad range of
infections, the deadliest being ventilator-associated pneumonia and bloodstream infections [2] and has
the ability to become resistant to a wide variety of drugs [3]. In face of these resistances, interest in
using neglected and disused antibiotics like polymyxins (colistin and polymyxin B (PMB) ) has
surged, especially in combination with other antibiotics, as the last line of defence against MDR A.

baumannii [4].
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Semi-mechanistic PK/PD modelling is a valuable tool that can be used to quantify concentration-effect
curves and describe bacterial resistance [5], and is especially useful in the context of drug combination

when both drugs concentrations are linked with the effect [6].

Previous works studied polymyxin-based combinations against A. baumannii, mainly with
carbapenems [7-9], rifampicin [7,10,11], tigecycline [12-15], and minocycline (MIN) [16,17]. While
semi-mechanistic PK/PD modelling was applied to the other combinations, for the PMB and MIN

combination, analysis was limited to qualitative assessment of synergy.

The goal of this study was to expand on previous reports of synergy between PMB and MIN against A.
baumannii by developing a semi-mechanistic PK/PD model based on extensive in vitro time-kill
experiments with determination of resistant bacterial count, thus gaining insights on the qualitative and

guantitative determinants of the interaction between PMB and MIN.

Methods

Antibiotics

MIN sulphate and PMB sulphate were obtained from Merck (Germany).
Strain

A previously described colistin-resistant A. baumannii clinical isolate (CR17) [18], collected from
patient cerebro-spinal-fluid after treatment by colistin was used with PMB and MIN MICs of 8 mg/L
and 4 mg/L, respectively.

Heteroresistance to PMB and MIN

One microliter of frozen bacteria were taken from -80°C storage and put in 50 mL of cation-adjusted
Mueller-Hinton broth (Ca-MHB) then incubated overnight at 37°C with shaking at 150 rpm. The
resulting culture was centrifuged at 4000 g for 15 min, broth was removed, then bacteria were
resuspended in 5 mL of Ca-MHB. Serially diluted samples were plated using a easySpiral automatic
plater (Interscience, France) on drug-free Mueller-Hinton E plates (MHE) (Biomérieux, France) and
on Mueller-Hinton Agar Il plates (MHA-II) (Merck, Germany) containing 8 to 256 mg/L of PMB or 4
to 128 mg/L of MIN. Plates were incubated at 37°C for 24 h then colonies were counted using a

SCAN 300 colony counter (Interscience, France). The experiment was repeated 6 times.

Growth rate determination
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Following the heteroresistance fraction determination, colonies that grew on drug-free MHE plates
and drug-containing MHA-I11 plates were harvested and suspended in Ca-MHB. An initial inoculum of
10% CFU/mL (0.1 OD at 600 nm diluted 100 fold) was prepared in Ca-MHB, and 200 pL were added
in 11 wells per colony type in a polypropylene 96 well plate. The 12" well contained 200 pL of
bacteria-free, drug-free media and was used as negative control. Plates were incubated at 37°C in a
Tecan Infinite 200 PRO plate reader (Tecan, Switzerland). OD at 600 nm was measured every 5 min
over 24 h. The maximum growth rate (MGR) of bacteria was calculated as described in [20]. The

experiment was repeated 4 times.

Kill curve + population analysis profiles

Static time-kill experiments (TKE) were performed. An initial inoculum of 108 CFU/mL was prepared
in Ca-MHB and PMB, MIN or a combination of both were added to the media. A drug-free control
was also prepared. PMB concentrations ranged from 0.0625 to 8 mg/L and MIN concentrations ranged
from 0.25 to 16 mg/L. Limit of quantification was 200 CFU/mL. The preparation was incubated at
37°C with shaking at 150 rpm for 30 h. Samples were taken att = 0, 3, 8, 24 and 30 h, diluted serially
and each dilution was plated on a MHE plate and a MHA-II plate containing 64 mg/L of PMB, using
an easySpiral automatic plater (Interscience, France). Plates were incubated for 24 h at 37°C and

counted as previously described

pmrA, pmrB, IpxA, IpxC, IpxD genes amplification and sequencing

In order to investigate the possible contribution of pmrAB and IpxACD operons modifications to
polymyxin resistance in A. baumannii after 30 h of growth in drug-free media, in presence of 1 mg/L
MIN + 0.0625 mg/L PMB or in presence of 1 mg/L MIN + 0.125 mg/L PMB, genes were sequenced
and analysed to detect any genetic alteration. DNA samples were obtained from bacteria that grew on
drug-free and on drug-containing plates at t = 0 and 30 h, by heating the colonies in water at 96°C. The
genes were amplified and the obtained bands were purified with the kit MEGAquick-spin plus
(iNtRON Biotechnology, WA) and sequenced at the Institute of Biomedicine of Seville (Spain). The
nucleotide and deduced protein sequences were analysed using the Serial Cloner program

(http://serialbasics.free.fr/Serial_Cloner.html).

Semi-mechanistic PK/PD modelling

Semi-mechanistic PK/PD modelling was performed to quantify the exposure-effect relationships of

both drugs given alone or in combination. Model building is detailed in Text S1. The number of
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subpopulations was determined from the results of the heteroresistance fraction determination
experiment. Interaction between the two drugs and their effects on bacterial growth was modelled
using the GPDI model developed by Wicha et al. [21], under the simple effect addition hypothesis.
PMB was assumed to be stable in vitro as shown previously [22]. MIN was shown to be stable over 24
h in separate experiments (data not shown). Dataset preparation was performed using R, parameter
estimation was performed using NONMEM (ICON, Ireland) version 7.4.2.

Influence of interaction effect on total effect

To evaluate the contribution of each model component to the global effect of the combination,
simulations of expected typical bacterial counts over time with the final model were performed under
various scenarios: Then for each simulated curve, area under the curve of logio(CFU/mL) versus time
(AUBC), was calculated. From these AUCs a percentage of effect imputable to the component removed

from model was calculated according to the following equation:

AUB CControl - AUBCreduced model

% Imputable E t=1-
Y% Imputable Ef fec AUBCeontror — AUBCringi model

R code is given in Code S2.
Results
Heteroresistance to PMB and MIN

Bacterial growth was seen on plates containing up to 64 mg/L (8*MIC) of PMB. At 64 mg/L of PMB
the mean frequency of highly resistant bacteria was 5.07 *10® (range [1.22*10°- 7.68*107'], n = 6),
however bacteria were not able to grow on plates containing MIN at concentrations higher than 8
mg/L (2*MIC).

Growth rate determination

Mean MGR of bacteria that grew on drug-free plates was 1.12 h' (sd: 0.0372 h%, n = 44), was almost
identical to the mean MGR of bacteria that grew on plates containing 64 mg/L of PMB which was

1.08 ht (sd: 0.0241 h%, n = 43), demonstrating a very limited if any fitness cost.

Kill curve + population analysis profiles
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Mean CFU counts for total and highly resistant bacteria for selected concentrations are shown on Figure

1 and plots of all individual data points are given in Figure S1.

In single drug TKE, using MIN concentrations of lower than 4 mg/L resulted in regrowth and an
amplification of highly resistant bacteria at 30 h with a median fraction of 101"° with 2 mg/L of MIN
compared to 1013 for the drug-free control. Using PMB concentration of 8 mg/L and below resulted in
regrowth and amplification of highly resistant bacteria at 30 h with a median fraction of 10-%% with 8

mg/L of PMB compared to 103 for the drug-free control.

When combining MIN and PMB, increasing the MIN concentration to 1 mg/L and above had an
important impact on the initial decrease and regrowth over 30 h whereas increasing PMB concentration
did not improve the effect as much; e.g. combining 1 mg/L of MIN with 0.5 mg/L of PMB prevented
regrowth at 30 h for 2 out of 3 replicates. When regrowth was not prevented by the combination, highly

resistant bacteria were selected with a fraction of 10°2° compared to 10 “*2 for the drug-free control.

pmrA, pmrB, IpxA, IpxC, IpxD genes amplification and sequencing

On top of a M12K mutation in pmrA [18], no additional change in pmrB, IpxA, IpxC, IpxD sequenced
genes was found after 30 h of growth in drug-free or drug-containing media in DNA extracted from
total (mostly R) and from highly resistant (HR) CR17 bacteria.

Mathematical modelling

A schematic representation of the final model is shown in Figure 2. The final differential equations for
the model are given in Text S2. Final parameter estimates are given in Table 1. VPCs of the final model
are shown in Figure S2. NPDE of the final model are shown in Figure S3. Final model code is given
in Code S1.

The final model had two subpopulations: resistant (R) bacteria to PMB, growing on drug-free plates
only and highly resistant (HR) bacteria to PMB, able to grow on drug-free plates and plates containing
64 mg/L of PMB with the same natural growth rate (kne:= 1.11 h™), the initial fraction of HR bacteria

(mutf) was estimated to be 1051,

Both drugs increased the bacterial death rate, with a concentration-effect relationship following a linear-
power model for PMB and a sigmoidal Enax model for MIN. The kill rate constant due to PMB was
reduced by 41% for the HR subpopulation when compared with the R subpopulation (Ksiope,pme-r = 4.94
mg/L/h > Ksiope pme-vr = 3.00 mg/L/h) and the ECso of MIN was 64% higher for the HR subpopulation
when compared with the R subpopulation (ECsomin-g = 1.02 mg/L < ECsomin-vr = 1.67 mg/L).
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Both subpopulations were able to develop adaptive resistance to PMB with the same rate constant

Kono,pme =0.646 h™1, but no adaptive resistance to MIN was identified.

No potentiation of PMB killing by MIN was identified. Interaction between PMB and MIN was
integrated in the final model as a reduction of the rate of adaptation to PMB by MIN by a maximum of
29% in presence of 0.1 mg/L and more of PMB (INT apa = - 29.2 %), and potentiation of MIN Killing
effect by PMB with a maximum reduction of MIN ECsy by 49% in presence of 1 mg/L and more of
MIN (INTpms = - 49.3 %).

Influence of interaction effect on total effect

Four scenarios were simulated: control without antibiotics, final model, inhibition of adaptation to PMB
by MIN removed from the model (INTApa=0) and potentiation of MIN killing effect by PMB removed
from the model (INTpwg=0).

For all tested concentrations, increase of MIN kill rate by PMB is a significant contributor while
inhibition of adaptation to PMB by MIN becomes significant when MIN concentration is above 1 mg/L.
Inhibition of adaptation to PMB by MIN, accounted for at most 20% (median: 7% range: [0%-20%]) of
the total effect. For most concentrations it was responsible for a smaller part of the total effect than the
potentiation effect of MIN by PMB which accounted for as much as 52% (median:30% range: [15%-
52%]) of the total effect

Simulations for selected concentrations are presented on Figure 3 and simulations for all tested

concentrations are presented in Figure S4.

Discussion

To our knowledge there are only two other studies about the combination of PMB and MIN against A.
baumannii [16,17]. Zhang et al. performed checkerboards on 25 strains having PMB and MIN MIC
around breakpoints (PMB = 4 mg/L, MIN =8 mg/L [23]) and found synergy 44% of the time and no
antagonism. Bowers et al. performed in vitro TKE and in vivo lung infection experiments against 4
strains, in vitro and in vivo synergy was observed on a strain with PMB and MIN MIC 4-fold lower
than CR17 strain MICs. The synergy observed in the current study is in accordance with these
previous works with the added value of testing a wide range of concentrations, performing
mechanistic experiments (fitness cost, heteroresistance) and developing a semi-mechanistic PK/PD

model integrating all produced data to gain quantitative insight.

In this study, PMB combined with MIN was shown to be synergistic against a polymyxin-resistant A.

baumannii clinical isolate. Using clinically achievable concentrations of both antibiotic individually
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resulted in bacterial killing or, when MIN concentration was lower than 1 mg/L in selection of HR

bacteria. This HR subpopulation was present before treatment and did not exhibit in vitro fitness cost.

The final PK/PD model included heteroresistance and adaptive resistance to PMB. These two
approaches to model antibiotic resistance are usually not used together in a final model due to
identifiability problems [24]. But, in this work the typical experimental protocol was expanded by first
determining the fraction of bacteria that could grow on plates containing PMB and also improving
TKE by adding counts on drug-containing plates, to enable direct counting of highly resistant bacteria
over time. This enabled making parameters for both resistance mechanisms identifiable. In a similar
vein, model selection was guided by fitness cost experiments which determined that no change in
growth was observed in the highly resistant subpopulation, enabling reduction of the model based on

mechanistic information.

Interaction between PMB and MIN was integrated in the final model as a reduction of the rate of
adaptation to PMB by MIN and potentiation of MIN killing effect by PMB. The fraction of the total
effect imputable to interaction between the two molecules was calculated for each pair of concentrations
tested. It was shown that maintaining MIN concentrations at least 1 mg/L maximized the contribution

of both interactions to the total effect.

The HR subpopulation was less susceptible to PMB but also to MIN which was not expected given
that the drugs have different sites of action and that no other study reported it. One potential
explanation could be that a change of membrane charge in the highly resistant subpopulation, making
it harder for PMB to bind to Lipid A of LPS as described previously [25], would also make it harder

for MIN to get into the cell, because of its basicity, as it would bind to the cell membrane instead.

Yet, it was not possible to identify a genetic specificity of the highly resistant subpopulation by
amplification the usual resistance genes. It could be interesting to sequence the whole genome using
NGS or WGS techniques to find the determinants of this resistance in order to fight them more
efficiently, especially given that this specific resistance does not seem to come with diminished
fitness. Alternatively, or in addition, analysis of gene expression by RT-gPCR could help explain the

difference between the two subpopulations.

Potentiation of MIN by PMB is observed on both resistant and highly resistant subpopulations and a
low concentration of PMB is sufficient to reach maximum synergy with a 49% reduction of MIN ECs
on both subpopulations for 0.1 mg/L of PMB. Mechanistically this could be explained by PMB
opening up the bacterial membrane to increase MIN uptake into the cell, and Bowers et al. showed an
increase of intracellular MIN concentration when bacteria were treated by PMB at a low concentration
(0.5 mg/L) and MIN in combination [17].
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Usually, adaptive resistance is seen as a change in expression of resistance genes when the bacteria is
in presence of antibiotic [26,27]. Hence, inhibition of adaptation to PMB by MIN could be explained
by the mechanism of action of MIN. Indeed, MIN acts by inhibiting the 30S subunit of ribosomes

[28], therefore reducing overall expression of bacterial genes.

In conclusion, PMB and MIN were synergistic against a PMB resistant A. baumannii strain. The main
effect of the combination is driven by MIN and concentrations above 1 mg/L prevent selection of the
highly resistant subpopulation in addition to reduce adaptive resistance to PMB. Low concentrations

(0.1 mg/L) of PMB are sufficient to significantly enhance MIN efficacy.
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Table 1. Final model parameters

Parameter Description Value [C195%]*

Knet (™) Apparent growth rate constant 1.111.03 -1.20]

Bmax (CFU/mL) Maximum capacity of the in vitro 10841 [10834-10848]
system

mutf Fraction of resistant bacteria at time | 1051 [10->28- 10-492]
=0

Polymyxin B

Ksiope,pmB-r (MQ/L/N) Kill rate constant due to polymyxin | 4.94 [4.32 -5.59]
B on resistant subpopulation

Ksiope,pme-Hr (M@/L/N) | Kill rate constant due to polymyxin | 3.00 [2.57-3.51]
B on highly resistant subpopulation

YPMB Power parameter for polymyxin B 0.292 [0.265-0.321]
effect on both subpopulations

Kono,pme (W) Rate constant for development of 0.646 [0.538 -0.760]
adaptive resistance to polymyxin B
in absence of minocycline

Kottpms (N Rate constant for reversal of 0 (fixed)
adaptive resistant to polymyxin B

Minocycline

Emaxmin () Maximum rate constant for 1.41[1.31-1.51]
minocycline effect on both
subpopulations

ECsomin-r (MQ/L) Minocycline concentration for which | 1.02 [0.90-1.13]
the effect is 50% on the resistant
subpopulation

ECsomin-vr (MQ/L) Minocycline concentration for which | 1.67 [1.46-1.86]
the effect is 50% on the highly
resistant subpopulation

YMIN Power parameter for minocycline 1.59[1.40-1.79]
effect on both subpopulations

INTERACTION

INTpms (%) Maximal reduction of ECsomins and | -49.3 [-55.0- -42.6]

ECsomin-r due to potentiation by

polymyxin B
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ECso,inT pme (MQ/L)

Polymyxin B concentration needed
to achieve 50% of INTpvs

0.0615 [0.0.570 — 0.0673]

inhibition by minocycline

HinT-PmB Power parameter for polymyxin B 10 (fixed)
potentiation of minocycline effect
INT apa (%) Maximal reduction of Ko, due to -29.2 [-39.7 - -19.8]

ECso,inT-apA (MQ/L)

Minocycline concentration needed to
reach 50% of INT apa

0.634 [0.547-0.801]

HinT ADA

Power parameter for minocycline

inhibition of kon

10 (fixed)

RESIDUALS

Ototal bacteria

(log1oCFU/mL)

Additive residual error on logso scale
for total bacteria count

0.474 [0.420 — 0.546]

O highly resistant bacteria

(log1oCFU/mL)

Additive residual error on logso scale
for highly resistant bacteria count

1.28 [1.07- 1.56]

Correlation

Correlation between Giotal bacteria and ©

highly resistant bacteria

0.426 [0.317 - 0.537]

*Cl obtained by SIR
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Figures
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Figure 1. Time-kill experiment results for selected concentrations. Points represent experimental data.
Lines represent geometrical means of the data. Green represents total bacteria (counted on drug-free
plates) and red represents highly resistant bacteria (counted on plates containing 64 mg/L of
polymyxin B). A. Polymyxin B alone; B. Minocycline alone; C. Polymyxin B + Minocycline

combination. Full results are given in Figure S1. MIN: minocycline, PMB: polymyxin B.
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Figure 2. Schematic representation of the final model. R : resistant subpopulation; HR : highly
resistant subpopulation; green area represents total bacteria (counted on drug-free plates) and red area
represents highly resistant bacteria (counted on plates containing 64 mg/L of polymyxin B). Kpet :
apparent growth rate; Cwin : minocycline concentration; ECsominr and ECsomin,qr: minoycline
concentration for which the effect is 50% on R and HR subpopulations respectively; Cpma: polymyxin
B concentration; Ksiope,pme,r and Ksiope pms,Hr: rate constant of polymyxin B effect on R and HR
subpopulations respectively; ARpms, off and ARpmg on States of adaptive resistance to polymyxin B;
konpmg - rate constant for development of adaptive resistance to polymyxin B; Kot pms : rate constant for
reversal of adaptive resistance to polymyxin B. The + and — symbols respectively represent an increase
or a decrease of the parameter targeted by the arrow by the parameter at the base of it. Only the main
parameters are illustrated, the model equations can be found in text S2. MIN: minocycline, PMB:

polymyxin B
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Figure 3. Simulations of expected log10(CFU/mL) versus time in presence of 2 mg/L of polymyxin B
combined with 0.5 mg/L of minocycline (left column) or 1 mg/L of minocycline (right column) for
different model parametrisations: black: absence of effect, green: under the final model; blue: under
the final model with potentialization of minocycline by polymyxin B set to O; red: under the final
model with inhibition of adaptation to polymyxin B by minocycline set to 0. Percentages represent the
part of the total effect imputable to the removed component. MIN: minocycline, PMB: polymyxin B
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Figure S1. All experimental data. Points represent experimental data. Lines represent geometrical means of the data. Green represents total bacteria (counted
on drug-free plates) and red represents highly resistant bacteria (counted on plates containing 64 mg/L of polymyxin B). Each column corresponds to a

minocycline (MIN) concentration and each line is a polymyxin B (PMB) concentration.
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Figure S2. Visual predictive checks for the final model. Points represent experimental data. The shaded areas represent 80% prediction interval based on 1000

simulations under the final model for each tested concentration. Lines represent the 10t — 50" and 90™ percentile of those simulations. Green represents total
bacteria (counted on drug-free plates) and red represents highly resistant bacteria (counted on plates containing 64 mg/L of polymyxin B). Each column
corresponds to a minocycline (MIN) concentration and each line is a polymyxin B (PMB) concentration.
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Figure S3. Normalized prediction distribution errors of the final model.
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Figure S4. Simulations of CFU/mL for different model parametrisation. Simulations of expected log10(CFU/mL) versus time for different model

parametrisations: black: absence of effect, green: under the final model; blue: under the final model with potentialization of minocycline by polymyxin B set

to 0; red: under the final model with inhibition of adaptation to polymyxin B by minocycline set to 0. Percentages represent the part of the total effect

imputable to the removed component. Each column corresponds to a minocycline (MIN) concentration and each line is a polymyxin B (PMB) concentration.
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Text S1:
Model building

Bacterial growth model

A logistic growth model with one compartment for each bacterial subpopulation (Equations 1

and 2) and a model with two compartments for each bacterial subpopulation (Equations 3, 4 and 5)

were tested.

4B _ kper X (1 - BBﬂ) X B, Equation 1

dt max

Biot = B; + B, + -+ + B, Equation 2

Where n is the number of bacterial subpopulations, B, (CFU/mL) is the n-th bacterial subpopulation,

knet (h2) is the apparent (net) growth constant and Bmax (CFU/mL) the maximal capacity of the system.

dGr(;vtving = (kg — kq — kyest) X Growing Equation 3
dRe;iing = kyest X Growing — kg X Resting Equation 4
krest = GrowingtResting X (kg — k) Equation 5

Bmax

Where Growing (CFU/mL) is the bacterial density of bacteria in the growing state, Resting (CFU/mL)

the bacterial density of bacteria in the resting state, kq (h) is the natural growth rate constant, kg (h™)

the natural death rate constant and Bmax (CFU/mL) the maximal capacity of the system.
Models including 1 and 2 subpopulations with differing antibiotic susceptibilities were tested.

Drug effect model

Polymyxin B and minocycline were assumed to have an effect only on bacteria in a growing state, or

on total bacteria if the logistic growth model was used.

ddit" = (knet X (1 — Dot ) — kpyp — kM,N) x B, Equation 6

max

dGr(;vtving = (kg — kg — krest — kpmp — kmin) X Growing Equation 7

Where multiple functions for each kang (h™') were tested, a linear function (kg,g = kgiope,arug X

[Drug]) a power function (kgrug = Ksiope,arug X [Drug]¥?rua), an Emax function (kgyyg =

Emax,drugX[Drug] . . .
—=="8 — ) or a sigmoidal Emax function (k =
ECso.drug+[DTuy]) g (karug EczggﬁggﬂDrug]ydmg

Y
Emax,drugX[Drug] drug

Adaptive resistance
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A function representing adaptation of the bacteria to each drug was tested. Compartments ARon,drug and
ARGt arug representing a virtual fraction of adapted and non-adapted bacteria respectively were added
in the model and kg Was reduced proportionally to ARon drug.

dARoy, i
—dtPMB = konpmp X ARofr.pmp — Koffr,pmp X ARon,pup Equation 8

dAR,ff, .
% = kosr,pme X ARonpup — Konpme X AR, f 5 pup Equation 9

dAR .
%MIN = konmin X ARorr min — Kogrmin X ARopn pn EQuation 10

dARofF MIN

7 = korrmin X ARonmin — Konmin X ARoprmiv Equation 11

% = <knet X (1 — BB“" ) — kpmp X (1 — ARoppmp) — kpun % (1 — ARon,M,N)) x B, Equation 12

max

aGc ] .
= = (kg = ka = krest = kpmp X (1 = ARon pup) = kaaiw X (1 = ARop miy)) X Growing

Equation 13

At the beginning of the experiment all bacetria are assumed to be non-adapted (ARon,qrug = 0 and

ARitdrug = 1). Multiple functions for Kondrug (h™) were tested, a linear function (kop, grug =
ksiope,arug X [Drugl) a power function (konarug = Ksiope,arug X [Drug]¥@rus), an Emax function

_ EmaxdrugX [Drug] Emax,drug* [Drug]ydrug

(konarug = ) or a sigmoidal Emax function (k,p, grug =

EC +[Dru, Ydrug Ydru
so,drugtl g1 Ecso,drug"'[Drug] g

Drug interaction:

Interaction between the two drugs and its effect on bacterial growth was modelled using the GPDI
model under the simple effect addition hypothesis, developed by Wicha et al. [21] Using this
approach, PD parameters describing the effect of (or resistance to) one drug are influenced by the
presence of the other drug. For example, ECsomin could be modified in presence of polymyxin B
following this equation :

INTPPMBX[PMB]
ECso,INT-PMB+[PMB]

ECsomiv = ECsomiN atone X (1 ) Equation 14

Where ECsomin (Mg/L) alone is the ECso of minocycline in absence of polymyxin B, INTmin-eme (NO
unit) is an interaction factor equal to O if there is no interaction, negative if there is synergy, positive if
there is antagonism and ECso Nt min-pme (Mg/L) is the polymyxin B concentration needed to reach 50%
of the interaction effect. Following the authors recommendations interactions were at first assumed to
be without perpetrator and victim, then an individual set of parameters were estimated with each drug
being perpetrator or victim. Potentiation of minocycline by polymyxin B, potentiation of polymyxin B

by minocycline, and reduction of adaptive resistance rate to polymyxin B by minocycline were tested.
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Estimation and evaluation methods
Bacterial count data were transformed into decimal logarithms before parameter estimation.

Model selection was based on objective function value (OFV) and goodness of fit plots. When two
models were nested, a decrease in OFV of at least 10.84 (chi square 1df p = 0.001) was needed to
select the most complex model. Visual predictive checks (VPCs) based on 1000 simulations were
drawn to evaluate the fit to data and taken into account for model selection. Normalized Prediction
Distribution Errors (NPDE) [29] were also calculated.

Residual error was split in two components one residual error for bacterial counts on drug-free plate
and another for bacterial counts on drug-containing plates. For a given time-point, when bacteria
density measurements on drug-free and drug-containing plates were both above LOQ), residual errors
for these measurements were considered to be correlated and this correlation was estimated making
use of NONMEM L2 data item.

Data below the LOQ were taken into account in the model estimation by applying Beal’s M3 method
[30]. Uncertainty around population parameter estimates was estimated using the sampling importance
resampling (SIR) technique.

Dataset preparation was performed using R software, parameter estimation was performed using
NONMEM software (ICON, Dublin, Ireland) version 7.4.2 using the LAPLACIAN algorithm.
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Text S2: Final model

dt

dR R+ HR
( net ( ) — kpupr X (1 - ARon,PMB) - kMIN,R) X R

max

dHR R+ HR
2 (522) b X )b

max

dARon,PMB
¢~ Konpms X ARorrpup — Kors,pup X ARonpup

dARsf puB
—dt kogrpmp X ARonpmp — Konpme X ARoff pup

kpmp-r = Ksiope,pmp—r X [PMB]YPMB

kpmp—nr = Ksiope,pmp—nr X [PMB]VPMB

Emax,MIN X [MIN]VMIN
kyin-r = YMIN

H
INTpyp X [PMB] i pup > + [MIN]Y M

ECsomiv-r X |1+ -
ECINTPME  + [PMB]HinT pu

k _ Emax,MIN X [MIN]VMIN
MIN—HR — YMIN

H
INTpyp X [PMBJ"r rus > + [MIN]Ymw

ECsomin-nr X | 1 -
ECSOI,I;II\TIT}")AIZI?/IB + [PMB]HinT PMB

INT,p4 X [MIN]HINT aDA )

ECHINDADA + [MIN]HINTADA

konpme = Konopmp X (1 +
50,INT ADA

The bacterial growth model was selected based on heteroresistance and fitness cost results, so the final
model had two subpopulations: resistant bacteria (R), growing on drug-free plates and highly resistant
bacteria (HR), able to grow on drug-free plates and plates containing 64mg/L of polymyxin B, and their

knet Was set to be identical.

Effect of polymyxin B on both subpopulations was best described by a power model with one slope

parameter for each subpopulation and the same power parameter.

Effect of minocycline was best described by a sigmoidal Emax model, with the same Emax and gamma for

both subpopulations but different ECs.

Reduction of the rate of adaptation to polymyxin B due to minocycline was best described by a
modification of kon by a sigmoidal Enmax function of minocycline concentration. Inclusion of potentiation
of polymyxin B effect on bacteria by minocycline resulted in high correlation in parameter estimations

(r? > 0.9) synonym of model over parametrization and thus was not kept in the final model.
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Because of the experimental design, i.e. static polymyxin B concentrations, reversal of adaptive

resistance was not expected thus keswas fixed to 0 hL. Also only apparent growth (kner) was identifiable.

Potentiation of minocycline effect on both subpopulations by polymyxin B was best described by a
modification of ECso min-r and ECso min-+r DY @ sigmoidal Emax function of polymyxin B concentration.
The interaction parameters were set to the same values for both subpopulations as having different

values did not significantly improve the fit (delta OFV = -2.6).
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Note pour la thése : Les codes sont disponibles sur demande, les inclure dans le document papier

semble peu approprié.
Code S1: Final model NONMEM file

Code S2 R files to perform the simulations for % effect
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XI. Discussion/Perspectives

Les deux principales études présentées dans cette thése proposent de développer des modeles PK/PD
semi-mécanistiques afin d’étudier 1’efficacité in vitro d’antibiotiques seuls ou en combinaison. Le
développement de ces modéles est informé par des données mécanistiques provenant de la littérature ou
d’expériences complémentaires réalisées en paralléle des études de bactéricidie ayant servi a construire
les modeles. Ces modéles sont utiles pour extraire un maximum d’information de ces études in vitro et
ainsi mieux comprendre la pharmacodynamie des antibiotiques étudiés. Ils nous ont notamment permis
de prendre en compte la dégradation de la céfoxitine au cours du temps et ainsi d’estimer de facon plus
fine I’apparition de résistance a la céfoxitine chez notre souche de M. abscessus. Aussi le modele
décrivant I’effet combiné de la polymyxine B et de la minocycline sur une souche d’A. baumannii nous
a permis de quantifier la contribution des effets d’interaction a ’effet total et ainsi de déterminer les
concentrations optimales de chacun des antibiotiques pour éliminer notre souche d’A. baumannii et pour

éviter I’apparition de résistance.

Outre la quantification des effets, la modélisation PK/PD des antibiotiques peut permettre d’améliorer
notre compréhension des mécanismes d’action des antibiotiques afin de pouvoir extrapoler les résultats
souvent obtenus in vitro ou chez 1’animal, pour mettre au point des études cliniques et améliorer le
traitement des patients. C’est dans ce but que nous avons intégré a notre étude de la combinaison
polymyxine B et minocycline un comptage de sous population trés résistantes, une évaluation d’un
éventuel colt métabolique di a la résistance et une recherche de mutations sur certains génes de

résistance a la polymyxine B.

Cependant, cette division de la population bactérienne totale en deux sous populations reste purement
phénotypique et grossiere, et de nombreuses informations sont manquantes afin de pouvoir développer

un modeéle vraiment mécanistique.

Afin de construire un modele mécanistique, il faudrait avoir a notre disposition des données qualitatives
vis-a-vis des mécanismes de résistance existants d’un point de vue génétique. Mais il faut aussi des
informations sur I’expression de ces génes et le niveau de résistance résultant de leur expression. De
plus, une connaissance des spécificités propres a chaque espéce bactérienne (Gram + ou - ...) ainsi que
sur les différents états physiologiques se traduisant par des sensibilités différentes (e.g. bactéries viables
non cultivables, bactéries persistantes ...). Pour obtenir ces informations de multiples techniques sont a
notre disposition. Le séquencage de génome entier (WGS) [171] permet d’obtenir la carte génétique
d’une bactérie et donc de nous renseigner sur les mécanismes de résistance de ladite bactérie, et dans le
cas de mécanismes connus d’intégrer ces informations dans nos modéles. Différents mécanismes de
résistance vont se traduire par des différences de modéle, par exemple la présence d’une pompe d’efflux
pourra étre modélisée différemment de la présence d’une modification de la cible. Avec cette technique

une information quantitative sur la proportion de bactéries portant les genes de résistance est aussi
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donnée. Plutdt que la division phénotypique grossiére que nous avons présentée nous pourrions ainsi

établir une division en sous populations homogeénes d’un point de vue génotypique.

Le WGS peut étre couplé a des techniques de mesure de I’expression génique telles que la
transcriptomique (aussi appelée RNAseq) [172] qui nous permettrait d’obtenir une information
quantitative vis-a-vis de 1’expression des génes. Cette information est d’autant plus importante parce
que les mutations (détectées par le WGS) ne se traduisent pas nécessairement par des différences

d’expression.

Cette expression genique va se traduire par la synthése de protéines, et I’étude de ces protéines est
appelée la protéomique. Ces techniques ont permis I’identification de nouvelles cibles [173], d’améliorer
notre compréhension des mécanismes de résistance aux antibiotiques [174] ainsi que 1’élucidation de
mécanismes d’action d’antibiotiques [175]. Cependant certaines limitations persistent notamment dans

les cas ou les concentrations en protéines ne sont pas prédictives de 1’activité métabolique [176].

Pour pallier ces défauts ,I’étude des produits du métabolisme s’est développée et les techniques mises
en ceuvre sont regroupées sous le terme de métabolomique [177] . La métabolomique va apporter des
informations quantitatives vis-a-vis des changements en concentration de métabolites au cours de
I’¢tude. Ces concentrations peuvent faire 1’objet d’une modélisation ou 1’on envisagerait la bactérie
comme le sont les organes dans les approches de quantitative systems pharmacology. Un modéle,
décrivant la vie bactérienne a travers ses voies métaboliques pourrait s’avérer plus utile qu’un modele
empirique ou semi-mécanistique pour prédire I’efficacité d’un traitement, notamment dans les premiéres

phases de développement, ou 1I’on en sait peu sur les mécanismes d’action de la molécule [178].

Le comptage sur géloses ne permet pas de mettre en évidence tous les états physiologiques des bactéries,
notamment les bactéries persistantes [49], ou les bactéries dites viables non cultivables [179]. Or les
bactéries dans ces états physiologiques sont souvent décrites comme résistantes aux antibiotiques et
présentent donc un intérét pour la PK/PD des antibiotiques. Les techniques telles que I’oCelloScope
[180] ou la cytométrie de flux [181] permettent toutes les deux le comptage de ces types de bactéries
ainsi que la visualisation de 1’évolution de leur forme (pour I’oCelloScope) ou de leur taille (pour la

cytométrie de flux).

L’utilisation de toutes ces techniques, nous permettra de mieux identifier et catégoriser les différentes
sous populations bactériennes présentes dans nos expériences. Un modele décrivant I’évolution de ces
différentes sous-populations au cours du temps et 1’efficacité des antibiotiques sur chacune d’elle devrait
améliorer les propriétés prédictives de 1’efficacité in vivo de nos molécules. Mais pour améliorer
d’autant plus ces prédictions il pourrait étre intéressant d’obtenir des informations sur 1’effet de

I’environnement d’étude.
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En effet, réaliser les expériences dans un milieu de culture plus proche du milieu d’infection in vivo,
permettrait d’améliorer la qualité de nos prédictions. En régle générale, les expériences in vitro sont
effectués avec des milieux riches et standardisés (e.g. milieu Mueller-Hinton supplémenté en cations
pour les déterminations de CMI), ces milieux ne sont pas représentatifs des sites d’infection chez
I’homme. Cette différence d’environnement peut se traduire par une différence de pharmacodynamie,
par exemple Buyck et al. [182] ont montré que I’azithromycine utilisée contre une souche de P.
aeruginosa, possédait une CMI 128 fois moins élevée dans un milieu représentatif du milieu pulmonaire
par rapport a une CMI effectuée dans le milieu standard recommandé. Des différences d’ordre
pharmacocinétique sont aussi attendues entre les milieu standard et les sites d’infection, par exemple
I’albumine est une protéine retrouvée dans le sang qui lie certains antibiotiques, dans le milieu
pulmonaire la mucine lie aussi certains antibiotiques [183,184]. L’utilisation in vitro de milieux dont la
composition se rapprocherait des sites d’infections améliorerait les capacités prédictives de nos modéeles,
par exemple, si ’on s’intéresse aux infections pulmonaires un milieu mimant le sputum humain a été

développé [185].

Aussi, dans ce travail les modeles ont été développés a partir de données in vitro ou la pharmacocinétique
humaine des molécules n’était pas simulée. Or, il est possible que certains phénoménes
pharmacodynamiques n’apparaissent qu’avec une variation de la concentration en antibiotique, par
exemple dans I’étude de la combinaison polymyxine B + minocycline, le fait d’étre a concentration
constante de polymyxine B a empéché 1’estimation d’une constante de réversion de résistance adaptive.
Afin de pouvoir simuler une pharmacocinétique humaine in vitro les expériences menées avec le
systéme dit « hollow fibre » ont montré leur utilité et ont déja fait I’objet de modélisation PK/PD dans

le domaine des antibiotiques [186,187].

L’utilisation de toutes ces approches permettraient d’obtenir des modeles probablement complexes,
mais avec une meilleure capacité prédictive. Cependant, un probléme majeur de la mise en ceuvre d’une
approche aussi compleéte est la charge de travail que cela représenterait. Déja, les données qui ont été
modélisées dans les deux études présentées proviennent d’expériences avec une charge de travail
importante a cause de leur durée (11 jours pour la céfoxitine) ou du nombre de conditions testées

(notamment dans le cas de la combinaison polymyxine B + minocycline).

Cette charge de travail importante explique en partie pourquoi peu d’études de modélisation PK/PD a
partir de données de bactéricidie in vitro sont disponibles dans la littérature, notamment par rapport aux
¢tudes ayant pour critere d’efficacité la CMI ou le résultat de checkerboards (FICI) dans le cas de
combinaisons d’antibiotique. Ces techniques (CMI et checkerboards) ont I’intérét de permettre de tester
de nombreuses souches en peu de temps tandis que les études de bactéricidie avec modélisation se

limitent en général & quelques souches (une souche par étude dans ce travail). En ne construisant nos

122



modeéles qu’a partir de données provenant d’un nombre limité de souches, nous limitons la portée des

recommandations que nous pourrions faire a partir de ceux-ci.

Afin de remédier a ce probléme, plusieurs pistes sont envisageables. Tout d’abord 1’utilisation de
techniques d’optimal design [188] pourrait nous permettre d’optimiser les plans d’expérience afin de
réduire le nombre de prélevements et de conditions de test, nous permettant ainsi de tester plus de
souches. Aussi, certaines des techniques présentées auparavant, telles que 1’oCelloScope [180] ou la
cytométrie de flux [181] pour évaluer la charge bactérienne ont un fort potentiel d’automatisation, ce
qui permettrait de tester plusieurs souches tout en apportant plus d’information que les CMI ou les

checkerboards.

De plus, I’intégration des données issues des expériences de WGS, RNA-seq,de métabolomique et de
protéomique a nos modeles PK/PD nécessiteront des développements dans nos méthodes de
modélisation, notamment a cause 1’importante quantité de données produites par ces techniques.
Développer nos techniques de modélisation afin d’intégrer aussi les données issues d’expériences
représentant une faible charge de travail telles que les CMI ou les checkerboards, pourrait améliorer les

capacités prédictives de nos modeéles sans alourdir le travail expérimental.

Au cours des derniéres années, la modélisation PK/PD a pris de I’importance, notamment vis-a-Vvis des
agences de sureté du médicament qui en encouragent activement I’utilisation. Dorénavant, il faut relever
le défi posé par la difficulté d’extrapoler les résultats obtenus in vitro dans un contexte in vivo. Pour ce
faire, I’intégration d’informations mécanistiques dans nos modeles semble une bonne piste et les travaux
présentés dans cette theése sont un premier pas dans cette direction. De nombreuses techniques
expérimentales ont été développées afin de mieux comprendre les mécanismes en jeu lors d’un
traitement antibiotique. Il appartient a la communauté des modélisateurs de faire évoluer les techniques
de modélisation afin d’intégrer ces données aux modéeles PK/PD et d’enfin pouvoir parler de modeles

mécanistiques.
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Résumé

La lutte contre les bactéries multirésistantes est une priorité majeure définie par I’Organisation Mondiale
de la Santé, puisque les dernieres prédictions estiment que les infections par des bactéries
multirésistantes feront plus de morts que le cancer d’ici 2050. Dans le contexte actuel, avec un faible
nombre de nouveaux antibiotiques mis sur le marché pour lutter contre les bactéries multirésistantes, il
est important de d’optimiser [’utilisation des antibiotiques a notre disposition. C’est dans ce but que les
modeles semi-mécanistiques servant a analyser les résultats d’études de PK/PD des antibiotiques
peuvent étre développés. Ces outils mathématiques permettent de quantifier les relations concentration-
effet, de molécules seules ou de combinaisons de molécules afin d’optimiser leur efficacité, prévenir les
résistances et donc prolonger la durée de vie des antibiotiques. Dans ce travail, aprés une présentation
des méthodes d’étude de la PK/PD des antibiotiques seuls et en combinaison, les résultats de deux

projets sont présenteés :

3. Une étude de la PK/PD de la céfoxitine contre une souche de Mycobacterium abscessus. Dans
une premiere partie, il a ét€ montré que I’administration de la céfoxitine par nébulisation permet
d’obtenir des concentrations pulmonaires 1000 fois plus importantes qu’aprés une
administration intraveineuse, faisant de la céfoxitine un bon candidat a la nébulisation. Dans la
seconde partie un modéle PK/PD semi-mécanistique a été développé a partir de données in vitro,
ce qui permet d’identifier la relation concentration-effet pour deux sous-populations
bactériennes tout en tenant compte de la dégradation de la molécule.

4. Une étude de la PK/PD de 1’association polymyxine B et minocycline contre une souche
d’Acinetobacter baumannii résistante a la polymyxine B. Cette étude in vitro comprend des
données de bactéricidie avec suivi de la densité de bactéries résistantes a la polymyxine B,
enrichies d’expériences complémentaires servant a préciser les caractéristiques de cette sous-
population résistante. Ces données ont toutes été analysées par modélisation PK/PD semi-
mécanistique, ce qui a notamment permis de quantifier I’importance de I’interaction entre les

deux molécules et de formuler des hypothéses sur les mécanismes de cette interaction.

Mots-clés : céfoxitine, polymyxine B, minocycline, Mycobacterium absscessus, Acinetobacter

baumannii, modélisation PK/PD, pharmacocinétique, pharmacodynamie, combinaison
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Abstract

Fighting against multidrug-resistant bacteria is a major priority set by World Health Organisation, since
it is forecasted that multi-drug-resistant bacteria will be responsible for more deaths than cancer by 2050.
In the current context, with only a few new antibiotic drugs active against multidrug-resistant bacteria
approved every year, it is of importance to optimize the use of already available antibiotics. It is with
this goal in mind, that semi-mechanistic models used to analyse results from PK/PD studies of
antibiotics, can be developed. These mathematical tools enable quantification of concentration-effect
relationships of drugs, used alone or in combination, in order to optimize their efficacy, prevent bacterial
resistance, thus lengthening the period of usability of antibiotics. In this work, after a presentation of the
methods used to study PK/PD of antibiotics alone and in combination, results from two projects are

presented:

1. A study of cefoxitin PK/PD against a Mycobacterium abscessus strain. Firstly, it was shown
that after nebulisation of cefoxitin, pulmonary concentrations were 1000-fold higher than after
intravenous administration, making cefoxitin a good candidate for nebulisation. In a second part,
a semi-mechanistic PK/PD model was developed from in vitro data, enabling identification of
concentration-effect relationships for two bacterial sub-populations while taking into account
degradation of cefoxitin.

2. A study of the PK/PD of polymyxin B and minocycline association against a polymyxin B
resistant Acinetobacter baumannii strain. This in vitro study incorporates data from time-kill
experiments with quantification of a bacterial sub-population resistant to polymyxin B, enriched
by complementary experiments providing information on the characteristics of this resistant
sub-population. This data was analysed by semi-mechanistic PK/PD modelling, which made
possible quantification of the strength of interaction between the two drugs and to form

hypotheses about the mechanisms of the observed interaction.

Keywords: cefoxitin, polymyxin B, minocycline, Mycobacterium abscessus, Acinetobacter baumannii,

PK/PD modelling, pharmacokinetics, pharmacodynamics, combination.
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