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Where do I come from ?
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Gastronomic quizz: which one is typical from Belgium?

all of them !
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Artistic quizz: which one is from a Belgian artist ?

all of them !
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Geographic quizz: which one is located in Brussels ?

all of them !

Campus of UCL
Health Sciences Sector
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Université catholique de Louvain

• 29 933 students of 127 different nationalities,
• 5 836 staff members,
• 150 000 alumni world wide.

• 5 campus
• 14 faculties
• 21 research Institutes



08/03/2017 Tartu University 7

Louvain Drug Research Institute

• 15 PI
• 20 post-doc
• 56 PhD students
• 20 technicians
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Pharmacologie cellulaire et moléculaire

• 1 emeritus prof.
• 2 PIs
• 7 post-docs
• 14 PhD students
• 5 technicians
• 8 undergraduate 

students

www.facm.ucl.ac.be
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Infectious diseases: No ESKAPE !

E. faecium

S. aureus

K. pneumoniae A. baumannii

P. aeruginosa

E. aerogenes
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Pseudomonas aeruginosa, an opportunistic pathogen

Nguyen & Singh, PNAS 2006;103:8305-8306

intensive care

cystic fibrosis
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Poor response to antibiotics: resistance vs tolerance

Sherrard et al, Lancet 2014; 384:703-713

RESISTANCE
acquired: gene acquisition; mutations; change in expression 
intrinsic: poor penetration < constitutive expression of efflux pumps 

< low porin permeability
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Poor response to antibiotics: resistance vs tolerance

TOLERANCE : dormant modes of life

→ Protection against host defenses and antibiotics

Intracellular survival

Buyck & Van Bambeke

Biofilms

http://eyemicrobiology.upmc.com
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Role of efflux in intrinsic/acquired resistance

Old Faithful Geyser, Yellowstone
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Antibiotic efflux pumps in P. aeruginosa

Efflux transporter: MexB – D – F - Y

Membrane Fusion protein: MexA – C – E - X

Outer Membrane protein: OprM – J – N - M

El Zowalaty et al, Future Microbiol. 2015; 10:1683-1706.
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Role of efflux in intrinsic/acquired resistance

 Patients occasionally exposed to antibiotics
 Nosocomial clones, possibly MDR 
 Expression of virulence mechanisms → high cytotoxicity

Acquired resistance in ICU patients
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Role of efflux in intrinsic/acquired resistance

Acquired resistance in ICU patients
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Acquired resistance by efflux in ICU patients
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Acquired resistance by efflux in ICU patients
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Impact on MICs and resistance profile
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Impact on MICs and resistance profile

meropenem
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Efflux and resistance: conclusion (1)

ATIBIOTICBACTERIUM Efflux overexpression is selected by antibiotic exposure during therapy
• Reversibility ?
• MDR phenotypes ?
• Risk of selection of target mutations ?  → Higher level of resistance 
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Role of efflux in intrinsic/acquired resistance

Intrinsic/acquired resistance in CF patients

 Patients frequently / chronically exposed to antibiotics
 Environmental clones → specifically adapted to the CF lung environment ?

 hypermutable clones
 Loss of virulence character
 Alginate producers → biofilm
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Efflux and high level resistance to carbapenems ?

Meropenem, a broad spectrum antibiotic 
 resistant to most ESBLs; 

susceptible to carbapenemases
 spectrum XXL
 often last resortN
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WHY ?
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Efflux and high level resistance to carbapenems ?

Elevated MICs to meropenem in CF isolates as in ICU isolates ….

High MIC in the absence of carbapenemases in CF isolates
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Efflux and high level resistance to carbapenems ?

Influence of a broad-efflux pump inhibitor
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Efflux and high level resistance to carbapenems ?

Meropenem, a broad spectrum antibiotic 
 resistant to most ESBLs; 

susceptible to carbapenemases
 spectrum XXL
 often last resortN
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Efflux and resistance: conclusion (2)

ATIBIOTICBACTERIUM Efflux overexpression is selected by antibiotic exposure during therapy
• Reversibility ?
• MDR phenotypes ?
• Risk of selection of target mutations ?  → Higher level of resistance 

 Efflux overexpression can confer high, clinically-significant resistance
• Underdiagnosed mechanism 

→ Importance of setting-up appropriate diagnostic tests
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Efflux and intrinsic resistance to temocillin ?

Temocillin, an ‘old-revived’ antibiotic 
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 resistant to most ESBLs
 inactive on P. aeruginosa, but …



08/03/2017 Tartu University 30

Efflux and acquired susceptibility to temocillin

Buyck et al, JAC 2012; 67:771-5; Chalhoub et al, Sci Reports 2017; 7:40208
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Efflux and acquired susceptibility to temocillin

ATIBIOTICBACTERIUM
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Chalhoub et al, Sci Reports 2017; 7:40208

Reason for altered efflux? A non negligible proportion of CF isolates have natural 
mutations in efflux pumps restoring TMO activity
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Efflux and acquired susceptibility to temocillin

ATIBIOTICBACTERIUM

Chalhoub et al, Sci Reports 2017; 7:40208

Alginate production: impact on MICs

Alginate production also contributes to resistance …
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Efflux and acquired susceptibility to temocillin

ATIBIOTICBACTERIUM

Chalhoub et al, Sci Reports 2017; 7:40208

Isogenic strains isolated from patients in different countries

Diversity of mutations in isogenic isolates …
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Efflux and acquired susceptibility to temocillin

ATIBIOTICBACTERIUM

Chalhoub et al, Sci Reports 2017; 7:40208

Isogenic strains isolated from different patients in a single country

Diversity of mutations in isogenic isolates …
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Efflux and resistance: conclusion (3)

ATIBIOTICBACTERIUM Efflux overexpression is selected by antibiotic exposure during therapy
• Reversibility ?
• MDR phenotypes ?
• Risk of selection of target mutations ?  → Higher level of resistance 

 Efflux overexpression can confer high, clinically-significant resistance
• Underdiagnosed mechanism 

→ Importance of setting-up appropriate diagnostic tests

 Natural mutations in efflux systems → acquired susceptibility
• Temocillin revived against P. aeruginosa ? → testing in routine ?
• Roles of mutations in adaptation to CF lung ?



08/03/2017 Tartu University 36

Efflux and intrinsic / acquired resistance to macrolides

Kanoh & Rubin; Clin. Microbiol. Rev. (2010) 23:590-615

Macrolides are widely used in CF patients, although inactive on P. aeruginosa
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Efflux and intrinsic / acquired resistance to macrolides

Macrolides are widely used in CF patients, although inactive on P. aeruginosa… BUT…
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An intriguing observation …

Buyck et al. Clin Infect Dis. 2012; 55:534-42 

Azithromycin              128       >512         16

Antibiotic

MIC (mg/L)

CA-MHB
RPMI-1640

pH 7.4 pH 5.5

Aminoglycosides

Gentamicin 2 8 4

Amikacin 4 64 4

Tobramycin 1 8 1

β-lactams

Piperacillin/Tazobactam 16 16 16

Cefepime 4 8 4

Ceftazidime 2 4 2

Aztreonam 8 16 8

Meropenem 1 1 2

Fluoroquinolones

Ciprofloxacin 0.125 0.25 0.125

Polymyxins

Colistin 1 2 2

Macrolides regain 
activity against
P. aeruginosa in 

« eukaryotic » media

Also observed in serum or in 
bronchoalveolar lavage fluid
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Efflux and intrinsic / acquired resistance to macrolides

azithromycin MIC
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Macrolides inactive on Pa 
due to active efflux

X
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Efflux and intrinsic / acquired resistance to macrolides

azithromycin MIC
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Buyck et al. Clin Infect. Dis. 2012; 55:534-542

Activity recovered in ‘biological’ 
media due to 

increased OM permeability
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Efflux and intrinsic / acquired resistance to macrolides
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Clinical relevance ?
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Efflux and intrinsic / acquired resistance to macrolides

1 2 4 8 16 32 64 12
8

25
6

51
2
10

24
20

48
0

25

50

75

100

> 1
02

4

n=333

MIC AZM (mg/L)

C
um

ul
at

iv
e 

pe
rc

en
ta

ge

HAP
CF

Mustafa et al. Eur. Respir. J. 2017; in press

Clinical relevance ?

CF isolates more resistant 
to macrolides 
than HAP isolates…
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Efflux and intrinsic / acquired resistance to macrolides

Mustafa et al. Eur. Respir. J. 2017; in press

Why this difference between CF and HAP isolates ?
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Efflux and intrinsic / acquired resistance to macrolides

Mustafa et al. Eur. Respir. J. 2017; in press

Why this difference between CF and HAP isolates ?
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Efflux and intrinsic / acquired resistance to macrolides
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Mustafa et al. Eur. Respir. J. 2017; in press

Ribosomal mutations ?
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Efflux and intrinsic / acquired resistance to macrolides
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Ribosomal mutations ?
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Efflux and intrinsic / acquired resistance to macrolides
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Active efflux may have selected for ribosomal mutations in 
patients exposed to macrolides …

Mustafa et al. Eur. Respir. J. 2017; in press

Ribosomal mutations ?
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Efflux and intrinsic / acquired resistance to macrolides

Mustafa et al. Eur. Respir. J. 2017; in press

Link with macrolide use ?
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Efflux and intrinsic / acquired resistance to macrolides

Mustafa et al. Eur. Respir. J. 2017; in press

Link with macrolide use ?
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Efflux and intrinsic / acquired resistance to macrolides

Llano-Sotelo  et al. Antimicrob Agents Chemother. 2010;54:4961-70

And ketolides ?
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Efflux and intrinsic / acquired resistance to macrolides

Mustafa et al. Eur. Respir. J. 2017; in press

And ketolides ?
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Efflux and intrinsic / acquired resistance to macrolides

Mustafa et al. Eur. Respir. J. 2017; in press

And ketolides ? Biofilmogenic isolates …
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Efflux and resistance: conclusion (4)

ATIBIOTICBACTERIUM Efflux overexpression is selected by antibiotic exposure during therapy
• Reversibility ?
• MDR phenotypes ?
• Risk of selection of target mutations ?  → Higher level of resistance 

 Efflux overexpression can confer high, clinically-significant resistance
• Underdiagnosed mechanism 

→ Importance of setting-up appropriate diagnostic tests

 Natural mutations in efflux systems → acquired susceptibility
• Temocillin revived against P. aeruginosa ? → testing in routine ?
• Roles of mutations in adaptation to CF lung ?

 Expression of resistance highly dependent on the environment
• Which medium to use in the lab ?
• Do macrolides express their activity in vivo ?
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Efflux and resistance: conclusion (5)

ATIBIOTICBACTERIUM Efflux overexpression is selected by antibiotic exposure during therapy
• Reversibility ?
• MDR phenotypes ?
• Risk of selection of target mutations ?  → Higher level of resistance 

 Efflux overexpression can confer high, clinically-significant resistance
• Underdiagnosed mechanism 

→ Importance of setting-up appropriate diagnostic tests

 Natural mutations in efflux systems → acquired susceptibility
• Temocillin revived against P. aeruginosa ? → testing in routine ?
• Roles of mutations in adaptation to CF lung ?

 Expression of resistance highly dependent on the environment
• Which medium to use in the lab ?
• Do macrolides express their activity in vivo ?

 Long term risk of macrolide resistance in CF isolates ?
• Anti-virulence effects depending on protein synthesis ?
• Ribosome as a lost target for future drugs ?
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Persistent infections and tolerance to antibiotics
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PK/PD parameters against intracellular infections

influx

efflux
accumulation 

and 
bioavailability

metabolism binding

bacterial
responsiveness

physico-chemical
conditions

cooperation with
host defenses

Carryn et al, Infect Dis Clin North Am (2003) 17:615-34 



Opsonization
Incubation 

with 10 % human serum
in culture medium

Extracellular wash
Elimination of non phagocytosed bacteria

by incubation with 50-100 X MIC gentamicin; 
elimination of gentamicin by washing

G G

G

G

GG

G

G

G

G

G G

Gentamicin
(G)

Intracellular infection
Incubation over time 

in control conditions or with antibiotics

AB

AB

AB

AB
AB

AB

Antibiotic
(AB)

Phagocytosis
Incubation of bacteria with 
cells at an appropriate MOI

Determination of residual intracellular
inoculum

Determination of cfu and protein content in 
cell lysates

cfu proteins

In vitro model of intracellular infection
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Buyck et al (2016) ISBN 978-1-4939-2854-5



Antibiotics against intracellular P. aeruginosa

08/03/2017 Tartu University 63



08/03/2017 Tartu University 64

Intracellular infection by P. aeruginosa

Setting up the model

Blue: nucleus
Red: Actin

Green: Bacteria

4µM

Buyck et al, AAC 2013; 57:2310-18
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A typical pharmacodynamic experiment in vitro …

Buyck et al, AAC 2013; 57:2310-18
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• Estimation of the concentration needed 
to reach a specified effect 

• Measure of the « intracellular MIC »

 « PK-related » parameter: 
 accumulation in the infected compartment
 intracellular bioavailability

 influence of local environment on intrinsic     
activity
 pH
 oxidant species

Cs (static concentration): relative potency

Cs
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A typical pharmacodynamic experiment in vitro …

Buyck et al, AAC 2013; 57:2310-18
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Emax : maximal efficacy

Emax

• Estimation of the maximal reduction in inoculum
for an infinitely large concentration

• Measure of the killing capacity

 « PD-related » parameter
 mode of action of the drug
 bacterial responsiveness
 cooperation with host defenses
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Activity against extra- and intracellular P. aeruginosa
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Buyck et al, AAC 2013; 57:2310-18

• Emax intra << extra
• Cs intra ≥ extra

• FQ more efficient

• All ABS in a single class
behave the same



08/03/2017 Tartu University 68

Playing with Cs : Can we increase intracellular concentration ?

• Inhibitors of efflux
• Inhibitors of antibiotic degradation

N

H2N

O

N

O O
S

O
O

O
-

2 Avibactam, inhibitor of ESBLs including AmpC

Strains
MIC (mg/L)

β-lactamase
CAZ CAZ-AVI

2297 def 2 2 AmpC-negative derivative of 2297

2297 CON 128 8 AmpC-positive derivative of 2297

M1405 def 4 4 AmpC-negative derivative of M1405

M1405 CON 128 8 AmpC-positive derivative of M1405

Buyck et al, JAC 2017 doi: 10.1093/jac/dkw587
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Playing with Cs : Can we increase intracellular concentration ?

Avibactam makes ceftazidime more potent
against both extracellular and intracellular P. aeruginosa

AmpC overproducerWT strain
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Buyck et al, JAC 2017 doi: 10.1093/jac/dkw587
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Playing with Cs : Can we increase intracellular concentration ?

Avibactam reduces ceftazidime MIC and intracellular Cs 
to the same extend…

Cs vs MIC

Buyck et al, JAC 2017 doi: 10.1093/jac/dkw587
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Playing with Emax: Can we do better with combinations ?
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Playing with Emax: Can we do better with combinations ?

extra:
synergism

intra:
addidivity

Buyck et al, AAC 2015; 59:258-268 
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Playing with Emax: Can we do better with combinations ?

Buyck et al, AAC 2015; 59:258-268 

intra:
addidivity

extra:
eradication
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Playing with Emax: importance of bacterial responsiveness

DnpA, a putative de-N-acetylase; no substrate identified
Gene expression in ∆dnpA mutant

PA01 ∆dnpA

dividing 
bacteria

dividing 
bacteria

non dividing 
bacteria non dividing 

bacteria

• FQ more effective 
on the dnpA mutant

• Intracellular dnpA mutants
still dividing

Liebens et al, Path Dis (2014), 71, 39–54

Inducible GFP
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Intracellular infection & tolerance: conclusions 

ATIBIOTICBACTERIUM

 Relative potency (Cs) ~ MIC
• No influence of drug accumulation 

→ intracellular bioavailability
• Within a drug class, proportional to cellular concentration

 Intracellular efficacy << extracellular efficacy
• Intracellular expression of activity of antibiotics ?
• Intracellular responsiveness of bacteria ?

 Innovative strategies needed !  
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PK/PD parameters and activity against biofilms

catheter, bone, skin, cardiac valve, … 

nutrients 
& 
oxygen

pharmacokinetics

 diffusibility through the matrix
 bioavailability within the biofilm
 access to bacteria
 efflux out of bacteria

pharmacodynamics

 bacterial responsiveness
(metabolic activity of bacteria)
 antibiotic expression of activity

(local environment [O2, pH, ..])

76
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In vitro biofilm model with P. aeruginosa

Maturity reached after 4 days of culture

Mustafa et al, in preparation
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Activity against P. aeruginosa in biofilms

No activity against biomass; 
Limited activity against viability; β-lactams less effective

Mustafa et al, in preparation
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Influence of biofilm maturity

Efficacy decreases as biofilm matures (barrier effect)

Mustafa et al, in preparation
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Playing with Emax: importance of bacterial responsiveness

DnpA, a putative de-N-acetylase; no substrate identified
Gene expression in ∆dnpA mutant

FQ effective at lower conc. on the dnpA mutant

PA01 ∆dnpA

CFW (polysaccharides)/ GFP (bacteria)
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Biofilms & tolerance: conclusions 

ATIBIOTICBACTERIUM

 Relative potency (Cs) 
• Activity at concentrations > MIC 

→ bioavailability within the biofilm

 Efficacy (Emax) reduced
• Expression of activity of antibiotics ?
• Responsiveness of bacteria ?

 Innovative strategies needed !  
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Take home message: No ESKAPE ?

ATIBIOTICBACTERIUM

Resistance ?  

•  antibiotic potency
• Can be overcome (to some extend) 

by  concentrations 
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Take home message: No ESKAPE ?

ATIBIOTICBACTERIUM

Tolerance ?  

•  antibiotic efficacy
• Need of new strategies targeting

bacterial responsiveness
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