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Are antibiotics following a path to madness ?

discovery in soil bacteria and fungi

1928 - …
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Are antibiotics following a path to madness ?

and then we all saw the 
blooming tree of semi-
synthetic and totally synthetic 
antibiotics

1950 – 1980 …
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Are antibiotics following a path to madness ?

and the US General Surgeon 
told us that the fight was over 

1970 …
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Are antibiotics following a path to madness ?

But…
2012 …
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An now, even Economists …
….  and Prime Ministers are concerned

Review on Antimicrobial Resistance : http://amr-review.org/
(last visited: 06/06/2015)

http://amr-review.org/
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You said “emerging”…?

Fleming, Nobel Lecture http://www.nobelprize.org/nobel_prizes/medicine/laureates/1945/fleming-lecture.pdf
(last visited: 06/06/2015)

Castano et al. Antibiotic resistance: challenges and solutions https://www.cugh.org/sites/default/files/96_Antibiotic_Resistance_FINAL.pdf
(last visited: 06/06/2015)

http://www.nobelprize.org/nobel_prizes/medicine/laureates/1945/fleming-lecture.pdf
https://www.cugh.org/sites/default/files/96_Antibiotic_Resistance_FINAL.pdf


9 June 2015 26th Sigrid Jusélius Symposium - Helsinki, Finland 9

Antibiotic resistance: short overview of main mechanisms

Wild 
strain

Active 
antibiotic

Antibiotic 
inactivation  (bio-
transformation)

Inactive
antibiotic

Surpassed
antibiotic

Alternative target 
or multiplication 

of the traget

Reduced amount 
of antibiotic

Impermea-
bilization

Target 
modification

Useless 
antibiotic

Reduced amount of 
antibiotic

Efflux pump
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Why is it so ?

• The Resistome …
– what it (probably) is …
– how does it translate into clinically meaningful resistance ?
– how does it spread ?

• The Selectome

• The results… (selected examples)



9 June 2015 26th Sigrid Jusélius Symposium - Helsinki, Finland 11

The resistome …

The antibiotic resistome. 
• all the genes and their 

products that contribute to 
antibiotic resistance. 

• highly redundant and 
interlocked system

• clinical resistance under 
represents the resistance 
capacity of bacteria. 

• existing biochemical 
mechanisms (protoresistome) 
serve as a deep reservoir of 
precursors that can be co-
opted and evolved to

Antibiotic Resistance:Implications for Global Health and Novel Intervention Strategies: Workshop Summary
http://www.nap.edu/openbook.php?record_id=12925

http://www.nap.edu/openbook.php?record_id=12925
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Clinical resistance: the tip of the iceberg ?

• “Clinical” resistance genes are usually found first on pathogenic 
bacteria. 
 These are the fewest but also the most problematic ones at present. 

• “Father resistance genes” found on antibiotic producers. 
(microorganisms that naturally produce antibiotics have their own 
protection mechanisms to avoid the adverse effects of the antibiotics on 
themselves). 
These genes are a strong source for the pathogenic bacteria.

• Cryptic resistance genes. 
(genes are embedded in the bacterial chromosome that may be 
overexpressed when “needed”) 

• Precursor genes. 
(encode proteins with basal level activity against antibiotics but may 
evolve to a “full resistance genes” given the appropriate selection 
pressure. 



9 June 2015 26th Sigrid Jusélius Symposium - Helsinki, Finland 13

Clinical resistance: the tip of the iceberg ?

• “Clinical” resistance genes are found on pathogenic bacteria. 
These are the fewest but also the most problematic ones at present. 

• “Father resistance genes” found on antibiotic producers. 
(microorganisms that naturally produce antibiotics have their own 
protection mechanisms to avoid the adverse effects of the antibiotics 
on themselves). 
These genes are a strong source for the pathogenic bacteria.

• Cryptic resistance genes. 
(genes are embedded in the bacterial chromosome that may be 
overexpressed when “needed”) 

• Precursor genes. 
(encode proteins with basal level activity against antibiotics but may 
evolve to a “full resistance genes” given the appropriate selection 
pressure. 



9 June 2015 26th Sigrid Jusélius Symposium - Helsinki, Finland 14

“Father resistance genes”: 
an original example with aminoglycosides
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“Father resistance genes”: 
an original example with aminoglycosides



Nature contains pre-resistance genes
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Morar & Wright Annu Rev Genet. 2010;44:25-51 - PMID: 20822442.



Nature contains pre-resistance genes
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Morar & Wright Annu Rev Genet. 2010;44:25-51 - PMID: 20822442.

Antibiotic phosphotransferases:

a) Conservation in structure between aminoglycoside 
phosphotransferases APH(2”-IIa (pdb id:3HAV), APH(3’-IIIa (pdb
id: 2B0Q), APH(9)-Ia (pdb id: 3I0O), choline kinase (CK pdb id: 
2CKP), 5-methylthioribose kinase (MTRK; pdb id: 2OLC), and 
cAMP-dependent protein kinase (CAPK; pdb id: 1ATP)

b) Reaction catalyzed by CK versus APH(3”-IIIa, with similarities in 
the transformation highlighted in green for the housekeeping 
protein and in purple for the resistance protein.



More about 
“adaptation”
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Evolution of antibiotic 
resistance proteins. 

Protein structure and mechanism 
studies reveal that antibiotic 
resistance proteins are related to 
proteins with little or no antibiotic 
affinity.

The dotted arrows indicate that 
proteins might either be the
immediate precursors of resistance 
proteins, or that they might share 
common ancestry with resistance 
proteins.

Wright GD. Nat Rev Microbiol. 2007;5:175-186 - PMID 17277795.



The source of clinical "emerging resistance" 
may be the environmental bacteria
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Galán et al. Front Microbiol. 2013;4:9 - PMID: 23404545



The soil may actually be the source of many 
resistance genes of clinical interest
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Forsberg et al. Science 2012;337:1107-1111 - PMID 22936781



The soil may actually be the source of many 
resistance genes of clinical interest
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Forsberg et al. Science 2012;337:1107-1111 - PMID 22936781
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Genes for resistance are easily transmitted

Alekshun & Levy: Cell 2007;128:1037-50 - PMID 17382878.



9 June 2015 26th Sigrid Jusélius Symposium - Helsinki, Finland 23

Multiple mobile elements favour transmission

Alekshun & Levy: Cell 2007;128:1037-50 - PMID 17382878.
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Mobile elements may contain multiple genes 
acting together: the vancomycin story

Courvalin Clin Infect Dis. 2006;42 Suppl 1:S25-34 - PMID 16323116.
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Vancomycin-resistance genes (or homologues) 
are actually widespread in the environment

Wright GD. Nat Rev Microbiol. 2007;5:175-186 - PMID 17277795.
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Mobile elements do contain multiple genes 
conferring co-resistance: a sour recent story

Branas et al. Int J Antimicrob Ag 2015;46:111-116  - PMID  25914088
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Mobile elements do contain multiple genes 
conferring co-resistance: a sour recent story

Branas et al. Int J Antimicrob Ag 2015;46:111-116  - PMID  25914088
See also: Yang et al. Antimicrob Agents Chemother. 2014;58:6328-6330 – PMID 25114139
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The connectome…. 
(cross-resistance)

http://wrightlab.mcmasteriidr.ca/
(last accessed: 2/3/2013 - no longer available)

http://wrightlab.mcmasteriidr.ca/


The origin and spontaneous spreading of 
resistance
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Nesme et al. Environ Microbiol. 2015;17:913-30 - PMID 25286745.
See also: Perry et al. Curr Opin Microbiol 2014;21:45-50 - PMID 25280222.



But nature (soil) can be re-injected …
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Wichmann et al. mBio 5(2):e01017-13 - PMID 24757214 .
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Wichmann et al. mBio 5(2):e01017-13 - PMID 24757214 .
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Why is it so ?

• The Resistome …

• The Selectome
– bacteria are in large numbers in infected foci …
– Fleming was right: suboptimal treatments select 

for less susceptible organisms…
– adaptation can be faster than you thought…

• The results… (selected examples)
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The selectome
A simple application of Darwin’s principles ...

genes

enzymes / nucleoproteins

function

selection 
pressure

Detail of watercolor by  
George Richmond, 1840.
Darwin Museum at Down House
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How and why can you select so easily ?

fast selection of the fitest !

• an infectious focus typicaly contains
more than 106 - 109 organisms

• most bacteria multiply VERY quickly 
(20 min…) and do mistake …

• they are not innocent or useless mistakes

A simple application of Darwin’s principle…
to a highly plastic material…

section 
pressure
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The hidden risk of therapy: an example in the community
in relation to antibiotic consumption

Risk of resistance to β-lactams among invasive isolates of Streptoccus pneumoniae regressed against
outpatient sales of beta-lactam antibiotics in 11 European countries
• resistance data are from 1998 to 1999; antibiotic sales data 1997. 
• DDD = defined daily doses

Bronzwaer SL, Cars O, et al. Emerg Infect Dis 2002 Mar;8(3):278-82
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The hidden risk of therapy in the hospital
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Do you remain 
effective while 
treating ?
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- D0: initial isolate
DL: last isolate obtained

- individual values with geometric 
mean (95 % CI)

- S (lowest line) and R (highest 
line) EUCAST breakpoints

* p < 0.05 by paired t-test (two-
tailed) and Wilcoxon non-
parametric test 

a p < 0.05 by Wilcoxon non-
parametric test only

Note: stratification by time 
between D0 and DL gave no 
clue (too low numbers)

Message: for all 
antibiotics,  we 

see global 
increases of MIC 
during treatment



The pressure of antibiotics is critical …
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Galán et al. Front Microbiol. 2013;4:9 - PMID: 23404545



And may exert it-self even at low concentrations
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Galán et al. Front Microbiol. 2013;4:9 - PMID: 23404545
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Selection by suboptimal treatments:
an example with fluoroquinolones

AUC24h = dose24h / clearance

Firsov et al. In vitro pharmacodynamic evaluation of the mutant selection window hypothesis using 
four fluoroquinolones against Staphylococcus aureus. Antimicrob Agents Chemother. 2003 May;47(5):1604-13.

no antibiotic 
 no selection

killing all bugs 
 no selection

worse situation

125



The trouble is that "clinical breakpoints" 
are /have been too high …
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Adapted from Michot et al. Clinical Microbiology and Infection (2005) 11:256-280 - Erratum published: 11:513, 2005



The trouble is that "clinical breakpoints" 
are /have been too high …
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Adapted from Michot et al. Clinical Microbiology and Infection (2005) 11:256-280 - Erratum published: 11:513, 2005
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Actually, selecting for resistance is easy 
even in a closed system…

strains

Initial TEM-exposed Revertant

MIC (mg/L) a MIC (mg/L) MIC (mg/L)

TEM FEP MEM TEM FEP MEM TEM FEP MEM

2114/2 c 8 2 0.25 2048 > 128 16 32 4 0.5

2502/4 c 8 2 0.125 8192 4 0.25 4096 1 0.125

3511/1 c 32 2 0.125 4096 32 0.125 4096 8 0.5

7102/10 d 512 32 1 16384 > 128 4 e 8192 64 1

a  figures in bold indicate values > the R breakpoint for Enterobacteriaceae (EUCAST for MEM [8] and FEP [4]; BSAC and Belgium for TEM [16])
b  dotblot applied with antiOmp36 antibody; signal quantified for grey value after subtraction of the signal of a porin-negative strain (ImageJ software); negative values indicate a signal lower than the 
background
c ESBL TEM 24 (+) ;  d ESBL (-) and AmpC (+) [high level] ; e Intermediate (I) according to EUCAST

Exposure of E. aerogenes to anti-Gram (-) β-lactams to 0.25 MIC for 14 days with 
daily readjustment of the concentration based on MIC determination

Nguyen et al. ISAAR, Seoul, Korea, 8 April 2011
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A simple experiment … 

strains

Initial TEM-exposed Revertant

MIC (mg/L) a MIC (mg/L) MIC (mg/L)

TEM FEP MEM TEM FEP MEM TEM FEP MEM

2114/2 c 8 2 0.25 2048 > 128 16 32 4 0.5

2502/4 c 8 2 0.125 8192 4 0.25 4096 1 0.125

3511/1 c 32 2 0.125 4096 32 0.125 4096 8 0.5

7102/10 d 512 32 1 16384 > 128 4 e 8192 64 1

a  figures in bold indicate values > the R breakpoint for Enterobacteriaceae (EUCAST for MEM [8] and FEP [4]; BSAC and Belgium for TEM [16])
b  dotblot applied with antiOmp36 antibody; signal quantified for grey value after subtraction of the signal of a porin-negative strain (ImageJ software); negative values indicate a signal lower than the 
background
c ESBL TEM 24 (+) ;  d ESBL (-) and AmpC (+) [high level] ; e Intermediate (I) according to EUCAST

Nguyen et al. ISAAR, Seoul, Korea, 8 April 2011

Exposure of E. aerogenes to anti-Gram (-) β-lactams to 0.25 MIC for 14 days with 
daily readjustment of the concentration based on MIC determination
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Why is it so ?

• The Resistome …

• The Selectome

• The results… (selected examples)
– β-lactamases
– Target modifications (in very short and with an escape…)
– Efflux



Application #1: β-lactamases
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Van Bambeke et al. Mechanisms of Action. In: Infectious Diseases 
(3d edition; J. Cohen, W. Powderly & S. Opal, eds), chapter 130, 
pp 1288-1307



Relationship with DD-peptidases 
(Penicillin Binding Proteins)
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Relationship with DD-peptidases 
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DD-peptidases and serine β-lactamases: 
biochemical similarities and differences
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Frère JM Molecular Microbiology 1995;16:385-395



β-lactamases could originate
from DD-peptidases (PBPs) 
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DD-peptidases and serine β-lactamases: 
biochemical similarities and differences
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DD-peptidases and serine β-lactamases: 
biochemical similarities and differences
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From Biochemistry to current clinical situation…
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A penicillins narrow and broad spectrum cephalosporins extended-spectrum β-lactamases 
(ESBLs)  serine carbapenemases

C penicillins and cephalosporins (usually chromosomally-mediated)

D penicillins, cephalosporins, extended-spectrum cephalosporins, and carbapenems.

B Metallo-β-lactamases (including NDM-1) -->everything except aztreonam (often co-resistance)

see also the functional classification: Bush et al. 
Antimicrob Agents Chemother, 1995;39(6):1211-33



From Biochemistry to current clinical situation…
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From Biochemistry to current clinical situation…
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Worldwide spreading: the case of the NDM-1
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• originally observed as an isolated case in Sweden in a 
patient coming from India

• more cases observed in England … and related to India

• clusters observed in India and Pakistan and related to 
community and poor hygiene conditions

• spreading since then



NDM-1 and co-resistance
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β-lactam antibiotics non-β-lactam antibiotics

Kumarasamy et al. Lancet Infect Dis 2010;10: 597–602



Worldwide spreading
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Spreading or new local emergence ?
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Patient hospitalized at 
la Guadeloupe after a 
stay in Cuba



Spreading or new local emergence ?
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Patient hospitalized at 
la Guadeloupe after a 
stay in Cuba



Current geographical dispersion of the 
most "annoying" β-lactamases
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Vasoo et al. Mayo Clin Proc. 2015;90:395-403



Fast phenotypic screening is necessary
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Bush & Fisher, Annu Rev Microbiol 2011;65:455-478



Target modification: the case of 
linezolid and tedizolid

full to 16

• Linezolid is a totally synthetic anti-Gram-positive antibiotic
• Last novel class of antibiotics registered since 2000… with a largely 

novel mode of action (inhibitor of the formation of the initiation complex in 
protein synthesis)
 no cross resistance with most clinically used anti-Gram-positive 

drugs
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Activity against Cfr+ resistant strains … (cfr+ bacteria)

Locke et al. AAC 2010;54:5337-5343
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Why is tedizolid active 
against LZDR strains (cfr) ?
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Locke et al. AAC 2010;54:5337-5343



But (very) recently efflux comes in …
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• novel plasmid-borne ABC transporter gene optrA from E. faecalis
• combined resistance linezolid and tedizolid, and chloramphenicol 

and florfenicol
• functionally expressed in E. faecalis, E. faecium and 

Staphylococcus aureus. 
• detected in food-producing animals humans
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You said "antibiotic eflux"
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keywords: 
"antibiotic AND (efflux OR transporter)"
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Historical landmarks …

Successive 
description of efflux-
mediated resistance 
for major classes of 
antibiotics

tetracyclines

β-lactams

fluoroquinolones

macrolides

linezolid

rifampin

aminoglycosides

daptomycin *
* in eucaryotic cells 

only (so far)
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Most chemotherapeutic agents must reach 
an intracellular target…

How can these drugs 
reach their target inside the cells ?

nucleic acids

ribosomes

enzymes
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Reaching an intracellular target …

polar drug

lipophilic drug

physico-chemical properties are inadequate 
for reaching an intracellular target !

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Reaching an intracellular target …

amphipathic drug

most drugs are amphipathic by design,
to be able to cross membrane barriers !

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Intracellular chemotherapeutic agents

But a diffusible compound 
may have

potentially harmful effects !
Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Why efflux transporters ?

Extrusion by efflux pumps

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Why efflux transporters ?

Extrusion by efflux pumps

general mean of protection
against cell invasion by diffusible molecules

Van Bambeke et al., Biochem. Pharmacol (2000) 60:457-70
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Typical ‘toxic’ diffusible substances as
substrates for efflux pumps

antifungals

anticancer agents

antibiotics
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Structure of antibiotic efflux transporters
in bacteria

H+

ATP ADP

RND, MFS, SMR MATE ABC RND, MFS, ABC

Na+

AB

H+

inner membrane

periplasm

AB AB AB

AB

outer membrane

H+ Na+
pump

OprM

lipoprotein

porin

H+

in P. aeruginosa

Van Bambeke et al. 
J Antimicrob Chemother. 2003;51:1055-65.
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A brief survey of the many transporters (2009)

809 
references
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A brief survey of the many transporters: S. aureus

14 distinct 
transporters for S. 

aureus (only) in 2009 
vs. 4 in 2003
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What do you wish to know ?

• Specific information about antibiotic transporters in procaryotes

http://ardb.cbcb.umd.edu/browse/multidrug.shtml

http://ardb.cbcb.umd.edu/browse/multidrug.shtml
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Efflux can be triggered by antibiotic treatments:
the case of S. pneumonia in patients with 

community-acquired pneumonia (CAP) vs
chronic obstructive pulmonary disease (COPD)

Suspected efflux based on phenotypic analysis (CIP MIC +/- reserpine)
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Lismond & Degives, unpublished

acute pathology


« one shot »
antibiotic exposure

chronic pathology


repetitive
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Increase of P. aeruginosa during treatment:
is efflux involved ?

Prevalence of MexA and MexX overexpressers in 62 phylogentically-related 
pairs of P. aeruginosa isolated from ICU patients (VAP) 

DAY x (%)

38.71%

22.58%

20.97%

17.74%

DAY 0 (%)

66.13%

12.90%

11.29%

9.68%

MexA-/MexX-

MexA+/MexX-

MexX+/MexA-

MexA+/MexX+

Riou et al, ECCMID 2010
Riou et al. submitted for publication
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Efflux  and resistance

• efflux is a universal mechanism for cell 
protection against "toxic" membrane-
diffusing agents

• many drugs diffuse though membranes 
because we made them amphiphilic to favor 
their diffusibility …and become opportunistic 
substrates for efflux pumps 

• for AB, efflux decreases the amount of drug 
in bacteria and impairs activity, increasing 
the MIC …

• insufficient drug exposure favors the 
selection of less sensitive organisms
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In a nutshell …
• Bacterial resistance emergence is a natural process that has gone 

on for immemorial times but is accelerated by use of antibiotics…
 evidence: all these resistance genes existing in the environment
 significance: resistance was with us since ever and we will never get 

rid of it …

• Bacterial resistance is transmissible and adaptable   
 evidence: β-actamases, MRSA (PBP2a), Penicillin-resistant S. 

pneumoniae (mosaic genes), aminoglycoside-inactivating enzymes, 
QnR (fluoroquinolones-target protecting protein) …

 significance: isolation / Hygiene is of critical importance

• Bacterial resistance is selectable and this is greatly accelerated by 
use of antibiotics…
 evidence: emergence of resistance during treatment
 significance: chemotherapy has intrinsic limitations and all you can do 

is slow down the process … and rely on new therapies at regular 
intervals… 
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Who made that all possible ?

slides: www.facm.ucl.ac.be  Lectures

http://www.facm.ucl.ac.be/
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Back-up slides
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