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The Staphylococcus aureus saga: 
60 first years …

1884:
First distinction between 
S. aureus and S. albus by Friedrich 
Rosenbach

1881:
First observation of 
staphylococci in pus
by Alexander Ogston

"Micrococci so 
deleterious when 
injected are seemingly 
harmless on the surface 
of wounds and ulcers".
Br Med J 1881;1:369e375

1914-1918: 
Half of the casualties in 
the trenches of the First 
World War were due to 
septic wound infections 
with S. aureus. 

1940-45: 
the production process 
for penicillin (then still 
universally active against 
the bacterium*) was a 
military secret

* the original observation of 
Fleming (1928) was made 
on S. aureus



The Staphylococcus aureus saga: 
the next 17 years …

1944: 
First description of a 
β-lactamase in S. aureus *

* The first description of a β-
lactamase was made in 
1940 in E. coli (Nature 146, 
837 (28 December 1940)

1950-70: 
almost all strains of 
S. aureus produce a 
β-lactamase

Lee, S. (2008). State of C2/C3 
substituents of ?-lactam antibiotics in 
the β-lactam ring cleavage by β-
lactamases. PHILICA.COM Article 
number 122. 

1960: 
introduction of 
methicillin … and 
emergence of 
resistance to 
methicillin in 1961



The Staphylococcus aureus saga: 
from 1961 onwards…

Kirst et al. Antimicrob Agents Chemother. 1998: 42:1303-4. 

1980's:
Large scale 
re-introduction of 
vancomycin *

* Vancomycin was described in 1955-57
(Antibiot Annu. 1955-1956;3:606-322 and 1956-57;4:75-122) 

1970's:
Spreading of 
methicillin 
resistance
In hospitals

1997:
Strains with 
reduced 
susceptibility to 
vancomycin



Staphylococcus aureus and linezolid
1996:
First description of linezolid

Pillai et al. J Infect Dis. 2002;186:1603-7. PMID: 12447736.

2002:
Resistance in S. aureus by target mutation

2007:
Resistance in S. aureus by 
mehylation (cfr)

Toh et al. Mol Microbiol. 2007;64:1506-14
PMID: 17555436

2016: 
first report of cfr in a 
pandemic MRSA clone 
(ST22)
from patients 

https://www.ncbi.nlm.nih.gov/pubmed/12447736
https://www.ncbi.nlm.nih.gov/pubmed/17555436
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Novel anti-MRSA antibiotics acting 
on resistant isolates *
• already approved

– 2 β-lactams (ceftaroline / ceftobiprole a)
– 3 lipoglypopeptides (telavancin, dalbavancin, oritavancin)
– 1 oxazolidinone: tedizolid b

• In development
– fusidic acid c

– radezolid d

– plazomycin
– new fluoroquinolones (delafloxacin, nadifloxacin, …) e

– new topoisomerase type II inhibitors (gepotidacin, …)
– fatty acid synthesis inhibitors (AFN-1252/Debio 1452, …) f

a approved in Europe and other countries for pneumonia (CAP/HAP) - In discussion with FDA for ABSSSI and SAB
b active against cfr+ linezolid resistant isolates
c development for use in the US
d currently in development for topical applications
e very low MICs (overcoming current mutation and efflux-mediated resistance mechanisms)
f very low MICs (typically 0.008 mg/L)

* not an exhaustive list
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Kumar & Chopra. J Antimicrob Chemother. 2013;68:1465-70. PMID: 23429643

https://www.ncbi.nlm.nih.gov/pubmed/23429643
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S. aureus as an intracellular parasite
S. aureus in THP-1 macrophages

Van Bambeke & Tulkens
unpublished

Kalinka et al., Int J Med Microbiol. 2014;
304:1038-49 - PMID:  25129555

S. aureus in 
human osteoblasts

Horst et al. Am J Pathol 2012;181:1206–1214 - PMID: 22902429

S. aureus in and released from neutrophils in a mouse osteomyelitis model

intracellular S. aureus

http://www.ncbi.nlm.nih.gov/pubmed/?term=25129555
http://www.ncbi.nlm.nih.gov/pubmed/?term=22902429
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A simple view 
in 1991

Tulkens PM.  Eur J Clin Microbiol Infect Dis. 1991 10:100-106. PubMed PMID: 1864271.

http://www.ncbi.nlm.nih.gov/pubmed/?term=1864271


Intracellular activity is not directly correlated 
to accumulation

AMP=ampicillin; AZM=azithromycin; CIP=ciprofloxacin; ETP=ertapenem; GEN=gentamicin; GRN=garenoxacin; 
LNZ=linezolid; LVX=levofloxacin; MEM=meropenem; MXF=moxifloxacin; NAF=nafcillin; ORI=oritavancin; 
OXA=oxacillin; PEN V=penicillin V; RIF=rifampicin; TEC=teicoplanin; TEL=telithromycin; VAN=vancomycin

Adapted from Van Bambeke et al., Curr Opin Drug Discov Devel 2006;9:218-230 – PMID: 16566292

http://www.ncbi.nlm.nih.gov/pubmed/?term=16566292


24h pharmacodynamic dose-effect model
1. Cell exposure to a a wide range of extracellular concentrations of the antibiotic

4 cfu/cell (MOI = 4)

Phagocytosis (1 h)

Incubation (with ATB)
(T0, T24 h)

500,000 THP-1 cells/mLOpsonization (45’, 37°c)
9 mL RPMI +
1 mL human serum

Extracellular Wash
GEN 50 µg/mL 

(45 min)

Typical post-phagocytosis inoculum:
5 to 7x105 CFU/mg prot.

•Cell washing, collection, and lysis
•Cell-associated CFUs counting
•Cell Protein content determination

Buyck et al. In vitro Models for the Study of the Intracellular Activity of Antibiotics; 
In “Bacterial Persistence”, Molecular Biology Laboratory Protocols Series, J. Michiels and M. Fauvart, 
editors, 2016, p 147-157 - DOI: 10.1007/978-1-4939-2854-5

http://link.springer.com/book/10.1007/978-1-4939-2854-5


Interpretation of the results of 
the 24h dose-effect model

Reference: Barcia-Macay M, Seral C, Mingeot-Leclercq MP, Tulkens PM, Van Bambeke F.
Pharmacodynamic evaluation of the intracellular activity of antibiotics against Staphylococcus aureus in a 
model of THP-1 macrophages. Antimicrobial Agents and Chemotherapy (2006) 50:841-851 – PMID: 16495241
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2. Analysis of the response

Emin

Emin: cfu increase (in log10 units) at 
24 h from the corresponding initial 
inoculum as extrapolated for an 
infinitely low antibiotic 
concentration

Cstat Static concentration (Cstat):
extracellular concentration resulting 
in no apparent bacterial growth 
(number of cfu identical to the 
initial inoculum)Emax

Emax: cfu decrease (in log10 units) at 
24 h from the corresponding initial 
inoculum as extrapolated from 
infinitely large antibiotic 
concentration

http://www.ncbi.nlm.nih.gov/pubmed/?term=16495241%5Buid%5D
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Bacteria!

Potency!

Maximal effect

http://www.ncbi.nlm.nih.gov/pubmed/?term=16495241%5Buid%5D


Most 
antibiotics 
show a much 
lower  Emax
against 
intracellular 
bacteria than 
against 
bacteria in 
broth

Van Bambeke & Tulkens, ASM Microbe 2016 – poster 
SATURDAY 571 – Session 188
http://www.facm.ucl.ac.be/posters/2016/ASM-Microbe-
2016/VanBambeke-Tulkens-Poster-SATURDAY-571-ASM-
Microbe-2016.pdf
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Small Colony Variants
• tiny colonies difficult to see by naked eye and 

often mistakenly disregarded as contaminants 
1

• usually recovered from protracted, difficult-to-
treat infections (osteomyelitis, infected  
prostheses, cystic fibrosis…) 2

• slow grow (wait for 72h…)

• deficit in metabolic pathways 
( menadione, hemin, or thymine 
dependence) 3

• selected by antibiotics … and, consequently, 
poor susceptibility to most antibiotics 4

• equally or more infective than their fast-
growing parents 5

• particularly prone to invade eukaryotic cells, 
persist therein and display resistance 6

http://infekt.ch/2006/10/small-colony-variants-von-staphylococcus-
aureus-schwierig-zu-behandelnde-infektionen/
Klinik für Infektiologie/Spitalhygiene, St Gallen, Switzerland
Last visited 09/10/2016

1 Proctor et al. Infect Agents Dis (1994) 3:302-312 - PMID: 7889317
2 Besier et al. J Clin Microbiol (2007) 45:168-172 -PMID:17108072
3 Garcia et al, J Antimicrob Chemother (2013) 68:1455-1464 PMID: 23485724
4 Baumert et al. Microb Drug Resist. 8:253-260 2002 PMID 12523621
5 Jonsson et al. Microb Pathog (2003) 34:73-79 - PMID: 12623275 Bates et al. J Infect Dis (2003) 187:1654-1661 - PMID: 12721946
6 Proctor et al. Infect Agents Dis (1994) 3:302-312 - PMID: 7889317 Tuchscherr et al. J Antimicrob Chemother (2016) 71:438-448 - PMID: 26589581

http://infekt.ch/2006/10/small-colony-variants-von-staphylococcus-aureus-schwierig-zu-behandelnde-infektionen/
https://www.ncbi.nlm.nih.gov/pubmed/?term=7889317
https://www.ncbi.nlm.nih.gov/pubmed/?term=17108072
https://www.ncbi.nlm.nih.gov/pubmed/?term=23485724
https://www.ncbi.nlm.nih.gov/pubmed/?term=12523621
https://www.ncbi.nlm.nih.gov/pubmed/?term=12623275
https://www.ncbi.nlm.nih.gov/pubmed/?term=12721946
https://www.ncbi.nlm.nih.gov/pubmed/?term=7889317
https://www.ncbi.nlm.nih.gov/pubmed/26589581


SCVs are a cause of resistance

Tuchscherr et al. J Antimicrob Chemother (2016) 71:438-448 - PMID: 26589581

osteoblast infected with S. aureus SCV

https://www.ncbi.nlm.nih.gov/pubmed/26589581


Osteoblasts infected with S. aureus SCVS and exposed to antibiotics: surviving bacteria

SCVs are not easily eradicated from 
osteoblasts in vitro (7 days model)

Tuchscherr et al. J Antimicrob Chemother (2016) 71:438-448 - PMID: 26589581

https://www.ncbi.nlm.nih.gov/pubmed/26589581


SCVs are not easily eradicated from 
osteoblasts in vivo (chronic infection)

Tuchscherr et al. J Antimicrob Chemother (2016) 71:438-448 - PMID: 26589581

Magnetic resonance imaging showing osteomyelitis progression with and without therapeutic treatment
• Inflammatory lesions: orange and yellow (left) and red and brown (right)  
• Non-inflamed area: magenta (left) and green (right)

https://www.ncbi.nlm.nih.gov/pubmed/26589581


antibiotics with poor anti-SCV activity 

antibiotics with 
medium to good

anti-SCV 
activity 

A direct comparison of antibiotic 
efficacies between intracellular SCV and 
their isogenic fast growing parents (NP)

Efficacy lower against SCV, possibly related to slower metabolism ?

Nguyen et al. Antimicrob Agents Chemother (2009) 53:1434-1442 – PMID: 19188393

Contr: control

VAN: vancomycin

Q-D: quinupristin/ 

dalfopristin

OXA: oxacillin

CLI: clindamycin

FA: fusidic acid

LNZ: linezolid

DAP: daptomycin

GEN: gentamicin

TGC: tygecyclin

MXF: moxifloxacin

RIF: rifampin

ORI: oritavancin

https://www.ncbi.nlm.nih.gov/pubmed/?term=19188393


Dose-effect studies comparing 
extracellular and intracellular  SCVs

Nguyen et al. Antimicrob Agents Chemother (2009) 53:1434-1442 – PMID: 19188393

https://www.ncbi.nlm.nih.gov/pubmed/?term=19188393


Dose-effect studies comparing 
extracellular and intracellular  SCVs

Nguyen et al. Antimicrob Agents Chemother (2009) 53:1434-1442 – PMID: 19188393

Cmin - Cmax

https://www.ncbi.nlm.nih.gov/pubmed/?term=19188393
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Antibiotic combinations may be a solution
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Let us vary the ratio of A to B

Li et al. Antimicrob. Agents Chemother (1993) 37:523–531 - PMID: 8460921
Desbiolles et al. Agents Chemother (2001) 45:3328–3333 - PMID:11709304

https://www.ncbi.nlm.nih.gov/pubmed/8460921
https://www.ncbi.nlm.nih.gov/pubmed/11709304
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Here is what you expect ! and this is what we saw !

Nguyen et al. Antimicrob Agents Chemother (2009) 53:1434-
1442 – PMID: 19188393

Li et al. Antimicrob. Agents Chemother (1993) 37:523–531 - PMID: 8460921
Desbiolles et al. Agents Chemother (2001) 45:3328–3333 - PMID:11709304

https://www.ncbi.nlm.nih.gov/pubmed/?term=19188393
https://www.ncbi.nlm.nih.gov/pubmed/8460921
https://www.ncbi.nlm.nih.gov/pubmed/11709304


Antibiotic combinations may be a solution

and this is what we saw !

Nguyen et al. Antimicrob Agents Chemother (2009) 53:1434-
1442 – PMID: 19188393

https://de.wikipedia.org/wiki/Heinrich_von_Opel
Last visited: 22 Oct 2016

https://www.ncbi.nlm.nih.gov/pubmed/?term=19188393
https://de.wikipedia.org/wiki/Heinrich_von_Opel
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Biofilms (microbial communities)

University of Gothenburg, Gohtenburg, Sweden
http://phys.org/news/2015-11-technique-dangerous-biofilms-catheters.html

• ancient multicellular life forms 1 with key 
pathogenic roles in up to 80 % of infections 
processes (first recognized with P. aeruginosa 2)

• structured aggregation of surface-attached 
microcolonies encased in an extracellular 
matrix and separated by fluid-filled channels 3

• substratum conditioned by host matrix proteins 
(fibrinogen, fibronectin, and collagen) 4

• resistance mediated through a dormant 
phenotype (anoxic environment and nutrient 
deprivation) with cell division occurs very slowly, 
producing persister cells 5

1 Henrici AT J Bacteriol (1933) 25:277–87 - PMID: 16559616
2 Lam et al. Infect Immun (1980) 28:546–56 -PMID: 6772562
3 O'Toole et al. Annu Rev Microbiol (2000) 54:49-79. PMID: 11018124
4 François et al. J Lab Clin Med (2000) 135:32–42 -PMID: 10638692
5 Lewis K Annu Rev Microbiol (2010) 64:357-372 - PMID: 20528688

http://phys.org/news/2015-11-technique-dangerous-biofilms-catheters.html
https://www.ncbi.nlm.nih.gov/pubmed/16559616
https://www.ncbi.nlm.nih.gov/pubmed/6772562
https://www.ncbi.nlm.nih.gov/pubmed/11018124
https://www.ncbi.nlm.nih.gov/pubmed/10638692
https://www.ncbi.nlm.nih.gov/pubmed/?term=20528688


Biofilms: the problems

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, ..])

From F. Van Bambeke: Anti-staphylococcal activity of antibiotics in biofilm and host cell.
ESCMID Postgraduate educational course, Lyon, France, 2016
http://www.facm.ucl.ac.be/conferences/2016/06-Lyon-ESCMID/Vanbambeke-ESCMID-intra-biofilm.pdf
Last visited: 10 Oct 2016

http://www.facm.ucl.ac.be/conferences/2016/06-Lyon-ESCMID/Vanbambeke-ESCMID-intra-biofilm.pdf


Biofilms respond poorly to many 
antibiotics… but not all…

viability
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Activities of antibiotics against biofilms. Concentration-response activities of antibiotics against 24-h biofilms of strain 2011S027 
incubated with increasing concentrations of antibiotics for 48 h (DFX, delafloxacin; DAP, daptomycin; VAN, vancomycin). 

Siala et al. Antimicrob Agents Chemother (2014) 58:6385-6398 – PMID: 25114142

http://www.ncbi.nlm.nih.gov/pubmed/25114142


Siala et al. Antimicrob Agents Chemother (2014) 58:6385-6398 – PMID: 25114142

Micro-pH in biofilms and influence on 
delafloxacin activity

• Top: micro-pH within biofilms using C-
SNARF-4 as a pH-sensitive probe 
(fluorescence emitted shifting from red to 
green upon acidification). 

• Middle: micro-pH in the depth of the 
biofilm. 

• Lower: influence of pH on the MIC of 
delafloxacin in MHB. The gray squares 
highlight the range of pH measured 
in the corresponding biofilm. 

Delafloxacin activity in biofilms is boosted by 
acid pH

http://www.ncbi.nlm.nih.gov/pubmed/25114142


Moving to a dynamic model…

Stewart et al. PLoS One. 2012;7(11):e50560 - PMID: 23185637

https://www.ncbi.nlm.nih.gov/pubmed/23185637


Combinations may be the 
way to go for biofilms…

Stewart et al. PLoS One. 2012;7(11):e50560 - PMID: 23185637
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Siala et al. Antimicrobial resistance in microbial biofilms and options for treatment
ESCMID Course, 5-7 Oct 2016, Ghent, Belgium

https://www.ncbi.nlm.nih.gov/pubmed/23185637
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The Saga of S. aureus

The problems

• the rise of resistance
– from penicillin-S to MDR

• hidden habitats
– intracellular forms

• unexpected forms
– the small colony variants

• the communities
– biofilms

Towards solution(s)

• the antibiotics
– success of the 10 x '20 initiative ?

• driving antibiotic into cells
– is accumulation helping ?

• antibiotic combinations
– overcoming poor susceptibility ?

• improving antibiotic penetration
– disrupting the matrix ?  



Disrupting the Matrix ?

Chung & Toh. Pathog Dis (2014) 70:231-239 - PMID: 24453168

https://www.ncbi.nlm.nih.gov/pubmed/24453168


Disrupting the Matrix ?

https://www.shutterstock.com/search/russell+terrier
Last visited: 22 Oct 2016

see 
how …

https://www.shutterstock.com/search/russell+terrier


Disrupting the Matrix ?

http://www.nature.com/articles/ncomms13286

http://www.nature.com/articles/ncomms13286


Disrupting the Matrix ?

Activity (dose response) of delfloxacin alone or combined with caspofungin on S. aureus biofilms in 
vivo: (mouse subcutaneous biofilm model). Animals were treated for 7 days with caspofungin (CAS; 4 
mg/kg of body weight) once daily, delafloxacin twice daily, or with delafloxacin at each of these doses 
combined with caspofungin Statistical analysis (one-way ANOVA; Tukey post-hoc test): groups with 
different letters are significantly different from one another (P<0.05).

http://www.nature.com/articles/ncomms13286

http://www.nature.com/articles/ncomms13286


Activity of delafoxacine alone or combined with caspofungin against the bioluminescent strain 
Xen36 in vivo. Bioluminescent signal emitted from catheters infected by Xen36, implanted at day 0 
in the back of mice treated 24 h after implantation and for the next 7 days with caspofungin (CAS) 
(4mg/kg/of body weight once daily), or delafloxacin (DFX) (40 mg/kg of body weight twice daily) or 
with a delafloxacin and caspofungin (each injected separately and according to its own schedule; 
Intensity of the transcutaneous photon emission represented as a pseudocolor image.

Disrupting the Matrix ?
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Disrupting the Matrix ? Here is why …

Ica A (N-acetylglucosamine transferase) activity and its inhibition by caspofungin. (a) Reaction 
catalyzed by IcaA. (b) Activity of IcaA in membrane protein extracts from strain ATCC33591 and its 
∆icaA mutant.  Activity was evaluated by the amount of UDP liberated in the reaction medium. 

http://www.nature.com/articles/ncomms13286

http://www.nature.com/articles/ncomms13286


Messages

• S. aureus (and other staphylococci) have been of medical 
concern for many years…

• Resistance was long considered as the first danger … but may 
have been put under (provisional) control by the wave of new 
drugs (success of the 10 x 20's initiative ? )

• Intracellular forms, SCV's, and biofilms still require much 
attention as current therapies are often inadequate…

 Novel drugs need to be tested for activity against these 
recalcitrant forms of infection 

 Fluoroquinolones (delafloxacin in particular) and caspofungin
may cooperate for biofilm elimination 
(through bacterial killing and matrix disruption)
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