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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



24 August 2013 Therapeutic options for MRSA: beyond vancomycin and linezolid (3d SICCMAC) 3

The Staphylococcus aureus saga: the next 17 years …
1944: 

First description of 
a -lactamase

 

in 
S. aureus *

* The first description of a 
-lactamase

 

was made 
in 1940 in E. coli 
(Nature 146, 837 (28 
December 1940) 

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

a -lactamase

Lee, S. (2008). State of C2/C3 substituents

 

of ?-

 

lactam

 

antibiotics in the -lactam

 

ring cleavage 
by -lactamases. PHILICA.COM Article number 
122. 

1960: 
introduction of 

methicillin

 

… and 
emergence of 
resistance to 

methicillin

 

in 1961
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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
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Vancomycin
 

(in the good old time)
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peak level: 30-40 mg/L 
2 h after the end of infusion

trough level: 5-10 mg/L
just before the next dose 
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Vancomycin
 

in 2011
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Infect Dis. 2011 Feb 1;52(3):285-92. 
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Vancomycin
 in 2013
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25-30 mg/L

400

Vancomycin: will continuous infusion help ?
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MIC = 1.5 mg/L

Moise-Broder

 

et al. Clin

 

Pharmacokinet. 2004;43:925-42

efficacy

Ingram, P. R. et al. J. Antimicrob. Chemother. 2008 Jul;62 (1): 168-71.

toxicity

Css

 

vancomycin

 

> 28 mg/L en 

increased nephrotoxicity

 

risk

[OR 21.236; P = 0.004]
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Staphylococcus aureus and linezolid
1996:
First 

description of 
linezolid

2007:
Resistance to 
linezolid

 

by 
mehylation

 

(cfr)

Toh

 

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

1998-2002:
Resistance to 

linezolid

 

by target 
mutation

(remains rate)
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Linezolid
 

breakpoint

we are very 
close
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Toxicological limitations of linezolid

•

 

Drug interactions: 
–

 

cytochrome

 

P450: no special effect

–

 

antibiotics: rifampin

 

causes a 21 % 

 

in LZD serum levels

–

 

Monoamine Oxidase

 

Inhibition (reversible, nonselective inhibitor): 


 

adrenergic and serotonergic

 

agents (PRECAUTIONS)

•

 

Myelosuppression

 

(including anemia, leukopenia, pancytopenia, and 
thrombocytopenia)

 (WARNING)

•

 

Hypoglycemia

•

 

Lactic acidosis (PRECAUTION –

 

Immediate medical attention)

•

 

Peripheral and Optic Neuropathy (> 28 days)

•

 

Convulsions 
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LINEZOLID and Monoamine Oxidase
 

A

Serotonin
Noradrenaline
Adrenaline 
Octopamine

Dopamine
Tyraminea

Tryptamine
Kynuramine
3-methoxytyramine

Benzylamine
Phenylethylamine
N-phenylamine
Octylamine
N-acetylputrescine
Milacemide
N-methyl-4-phenyl-

 
1,2,3,6-

 
tetrahydropyridine

MAO-A MAO-B

a

 

MAO-A is the predominate form for oxidation of tyramine. Elmer and Bertoni. Expert Opin Pharmacother. 2008;9:2759-2772

Consequences of
MAO-A
Inhibition

Serotonin
Syndrome

Hypertensive
crisis 
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This is what we tell the pharmacists in Belgium ….
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LINEZOLID and myelosuppression: treatment discontinuation
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So, what are our possibilities ?

"Scientist" by Ben Shahn 
New Jersey State Museum, 
Trenton, N.J.
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Main drugs approved for MRSA before 2008

•
 

Daptomycin
 

(approved in 2003) 

•
 

Tigecyclin
 

(approved in 2005)

•

 

Cotrimoxazole, clindamycin, doxycyclin/minocyclin

 

(CA-MRSA)

 (also old guys) 
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Daptomycin: historical landmarks….

1987 1997

Taking over by CUBIST
or "pharmacodynamics in action ….."

Once-daily dosing in dogs optimizes daptomycin 
safety. 
Oleson

 

et al,

 

2000,

 

AAC. 44:2948-53.

Daptomycin dose-effect relationship 
against resistant gram-positive organisms. 
Cha et al,

 

2003, AAC 47:1598-603 

Discovery of daptomycin 
as a novel anti-Gram + lipopeptide

In vitro and in vivo activity of LY 146032, a new cyclic lipopeptide antibiotic.
Eliopoulos

 

et al,

 

1986 Antimicrob. Agents Chemother.

 

30,

 

532-5

1993

Development halted
- lack of efficacy 
- toxicity

“Lilly was not satisfied with the overall clinical results 
observed with the twice-daily dosing regimen 
utilized in these studies”
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J. Silverman, 45thICAAC, 2005
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…
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Van Bambeke

 

et al. Trends Pharmacol

 

Sci. 2008;29:124-34. 



24 August 2013 Therapeutic options for MRSA: beyond vancomycin and 19

PK/PD of daptomycin
 

-
 

application to humans

Wise et al., AAC (2002) 46:31-3

 

Dvorchik

 

et al., AAC (2003) 47:1318-23

dose and route of 
administration

compartment AUC AUC/MIC
(1 mg/L)

4 mg/kg iv 
(registered dose)

serum 417 417

inflamm. exsudate 318 318

6 mg/kg iv serum 747 747

Dose adjustment if creatinine

 
clearance < 30 ml/min

EUCAST 
breakpoint:

1 mg/L
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Launching
 

daptomycin…

Registration 
FDA : 2003
Europe : 2006 

Indications in Europe 
•

 

complicated skin and soft tissues infections with Gram (+)

Efficacy up to an MIC of 1 mg/L
• bacteremia
• endocarditis
•

 

complicated urinary tract infections

Lack of efficacy : 
• pneumonia (neutralization by the surfactant)
• VISA strains (no access to target)

Only available as intravenous form !

1987 19971993 2003-2006

Carpenter & Chambers CID (2004) 38: 994-1000
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Daptomycin: where are we in EU ?

1987 19971993 2009…1987 19971993 2003-2006
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Daptomycin: were
 

are going
 

to ?

1987 19971993 2009…

Livermore DM. J Antimicrob

 

Chemother. 2008;62 Suppl

 

3:iii41-iii49. 

1987 19971993 2003-2006 2009…
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DAPTOMYCIN
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DAPTOMYCIN: is the dosage correct ?
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Daptomycin: pros and cons

• rapidly bactericidal
•

 
highly potent, including

 against MDR strains  

•
 

not usable for pneumonia
•

 
not active against VISA 

•
 

risk of side effects if 
dosage is increased
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Tigecycline: historical landmarks ….

Discovery of glycylcyclines 
as a novel class of antibiotics

In vitro and in vivo antibacterial activities of the glycylcyclines, 
a new class of semisynthetic tetracyclines. 
Testa

 

et al. Antimicrob

 

Agents Chemother. 1993 37:2270-7

1993

Demonstration of the spectrm of activity and candidate selection 
In vitro and in vivo antibacterial activities of a novel glycylcycline, the 9-t-butylglycylamido 
derivative of minocycline (GAR-936).
Petersen et al. (1999) Antimicrob

 

Agents Chemother. 43:738-44. 

1999

and then, Pfizer bought Wyeth…
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t-butyl

Tigecycline: chemical structure

minocycline
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Olson

 

et al., AAC (2006) 50:2156-66

tigecycline

tetracycline
minocycline

Mode of action of tigecycline

•

 

same binding site as tetracyclines

 

in 
ribosome 16S RNA; additional interaction 
site

•

 

Unaffected by resistance due to 
-

 

ribosomal protection

 
-

 

Tet

 

efflux pumps; 
•

 

But remains susceptible to broad 
spectrum efflux pumps of Gram(-) 
(MexXY

 

in P. aeruginosa)
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Tetra-
 

and glycyl-cyclines: activity and resistance

species phenotype tetracycline minocycline tigecycline

E. coli susceptible 1 1 0.25

Efflux (Tet) > 32 16 0.5

Ribosomal 
protection > 32 > 32 0.25

S. aureus susceptible 0.12 0.06 0.25

Efflux (Tet) > 32 0.25 0.5

Ribosomal 
protection > 32 4 0.25

Petersen et al., AAC (1999) 43:738-44
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Tigecycline: pharmacokinetics

Rodvold, JAntimicrob Chemother (2006) 58:1221-9 
Conte et al., Int J Antimicrob Agents (2005) 25:523-9 

Si
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00
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g

tissue AUC24h 
(mg.h/L)

serum/tissue AUC 
ratio

bile 2815 537

bladder 120 23

colon 17.3 2.6

lung 9.19 2

bone 2.05 0.4

synovial fluid 1.68 0.31

CSF 0.46 0.11

ELF 4.54 1.31

alveolar M 268 77.510
0 

m
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Tigecycline
 

EUCAST breakpoints
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Denis et al., AAC (2006) 50:2680-5

But will this 
last ?

(T.E.S.T. will 
tell but TK 

reports MIC90

 

at 0.75
In 2008)



24 August 2013 Therapeutic options for MRSA: beyond vancomycin and 32

Launching tigecycline

1993 2005-6

* pediatric studies are ongoing and/or proposed to Regulatory Authorities
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Tigecycine: side effects
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Tigecycline: clinical failures
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Tigecycline: pros and cons

•
 

active against MRSA 
resistant to other 
antibiotics

•
 

good cellular 
penetration

•
 

bacteriostatic
•

 
MIC's very close to 
breakpoint

•
 

Side effects limit dose 
increase
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The newcomers (approved for MRSA after 2008)

•
 

Telavancin
 

(approved in 2009 for cSSSI

 

and later for VAP)

•
 

Ceftaroline
 

(approved in 2010 [AbSSSI

 

and non-MRSA CAP)

•

 

Iclaprim, oritavancin, ceftobiprole, cethromycin

 

were not accepted 
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New (lipo)glycopeptides: structure-activity relationships

Van Bambeke, Cur. Opin. Pharmacol. (2004) 4:471-8
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Telavancin
 

and Oritavancin

Van Bambeke et al., TIPS (2008) 29:124-34



24 August 2013 Therapeutic options for MRSA: beyond vancomycin and linezolid (3d SICCMAC) 39

Telavancin: In vitro activity

Draghi et al., AAC (2008) 52:2383-2388 
ICAAC (2008) C1-146,150,151

species phenotype ORI TLV VAN

S. aureus

MSSA 0.25/0.5 0.25/0.5 1/1

MRSA 0.25/0.5 0.25/0.25 1/1

VISA 1/1 0.5-1 4/4

VRSA 0.5* 2-4 16*

S. pneumo
PenS 

 

0.002/0.004 

 

0.06/

 

0.06 

 

0.25/

 

0.25

Pen nonS 0.002/0.004 

 

0.06/

 

0.06 

 

0.25/

 

0.5

Enterococci
VanS 0.12/0.5 0.12/0.5 1/2

VanR 0.03* 4-16 16*

* Median

 

value
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Telavancin: In vitro activity and breakpoint

we are (also) 
very close
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Telavancin
 

clinical
 

studies: safety

« metallic/soapy »

Polysos et al., PLoSone (2012) 7: e41870

Adverse events and laboratory abnormalities for pooled cSSTIs and HAP studies
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Telavancin: current indications
EMA approved indication (2011): 

treatment of adults with nosocomial

 

pneumonia, including ventilator 
associated pneumonia, 

•

 

known or suspected to be caused by MRSA; 
•

 

only in situations where it is known or suspected that other 
alternatives are not suitable.

FDA approved indication (2009):

treatment of adult patients with complicated skin and skin structure 
infections

•

 

caused by susceptible Gram-positive bacteria, 
•

 

including Staphylococcus aureus, both MRSA and MSSA 

Hospital-acquired and ventilator-associated bacterial pneumonia(HABP/VABP) 
caused by susceptible isolates of Staphylococcus aureus, when alternative 
treatments are not suitable.
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Telavancin
 

: pros and cons

• rapidly bactericidal
• once-a-day
•

 
active on VISA 
to some extent

• no oral route
• not active on VRSA
• renal toxicity ?
• EMA and FDA warnings
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Ceftaroline
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Ceftaroline
 

and MRSA

we are 
perhaps too 

close
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Ceftaroline: current indications
EMA approved

 

indications (2012): 

treatment of adults 
• with community acquired pneumonia
• complicated skin and soft tissue infection

FDA approved

 

indications (2010):

•community-acquired bacterial pneumonia (CABP) caused by susceptible isolates of 
the following Gram-positive and Gram-negative microorganisms: Streptococcus 
pneumoniae (including cases with concurrent bacteremia), Staphylococcus aureus (methicillin-susceptible 
isolates only), Haemophilus influenzae, Klebsiella pneumoniae, Klebsiella oxytoca, and Escherichia coli.

•

 

acute bacterial skin and skin structure infections (ABSSSI) caused by susceptible 
isolates of the following Gram-positive and Gram-negative microorganisms: 
Staphylococcus aureus (including methicillin-susceptible and -resistant isolates), Streptococcus pyogenes, 
Streptococcus agalactiae, Escherichia coli, Klebsiella pneumoniae, and Klebsiella oxytococa



24 August 2013 Therapeutic options for MRSA: beyond vancomycin and linezolid (3d SICCMAC) 47

Ceftaroline
 Safety profile 

(Phase III)
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Ceftaroline
 

: pros and cons

• broad
 

spectrum
• safety

 
profile

•
 

broad
 

spectrum
•

 
no oral route

•
 

indications are "minimal"
•

 
anti-MRSA activity

 border line ?
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The "soon" to be registered

•
 

Fluoroquinolones
–

 

Delafloxacin
–

 

JNJ-Q2

•
 

Oxazolidinones
–

 

Tedizolid

•
 

Ketolides
–

 

Solithromycin

•
 

Lipoglycopeptides
–

 

Dalbavancin
–

 

Oritavancin

•
 

Anti-MRSA lactams
–

 

Ceftobiprole
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DELAFLOXACIN

MICs

 

3 to 5 dilutions
lower

 

than

 

for MXF

0.001

0.00003

Activity

 

still

 

improved

 

at

 

acidic

 

pH 
due to increased

 

penetration
inside

 

bacteria

 

!

Lemaire et al, AAC (2011) 55:649-58
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Delafloxacin
 

: pros and cons

• rapidly bactericidal
•

 
highly potent, including

 against MDR strains
•

 
highly active on intra-

 cellular bacteria 

• side effects of FQ
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JNJ-Q2
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JNJ-Q2
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JNJ-Q2

• rapidly bactericidal
•

 
highly potent, including

 against MDR strains

•
 

side
 

effects of FQ
•

 
why

 
did J&J gave it 

away ?
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Tedizolid
 

-
 

Radezolid
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Lemaire et al, JAC (2009) 64:1035-43 ; AAC (2010) 54:2549-59

strain Phenotype Linezolid Tedizolid Radezolid 

Staphylococcus aureus     

ATCC 25923 MSSA 2 0.25 0.25-0.5 

ATCC 33591 HA-MRSA 1 0.125-0.25 0.5-1 

SA 238 HA-MRSA 2 0.25-0.5 0.5-1 

SA 238L HA-MRSA, LZDR 16 1 2 

NRS 192 CA-MRSA 2 0.125-0.25 0.5 

NRS 384 CA-MRSA 2 0.25 0.5 

NRS 52 VISA 2 0.125 2 

VRS 1 VRSA 1-2 0.125-0.25 0.5 

VRS 2 VRSA 1-2 0.25 2 

Listeria monocytogenes     

EGD  1-2 0.125 0.03-0.06 

Legionella pneumophila     

ATCC 33153  4-8 0.25-0.5 0.5-1 
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Tedizolid
 

and activity against cfr+ strains

O

NO

HO

F

N

N
N

NN

Locke et al, AAC (2010) 54: 5337–43 

Binding

 

of tedizolid
to methylated

 

ribosomes
linezolid

tedizolid
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Tedizolid
 

and MAO inhibition



24 August 2013 Therapeutic options for MRSA: beyond vancomycin and linezolid (3d SICCMAC) 58

Tedizolid
 

Phase III
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TEDIZOLID Phase III
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TEDIZOLID Phase III

Low platelet counts were less than half as frequent in the tedizolid
phosphate group as in the linezolid

 

group, but the study was not 
Adequately powered to make conclusions about the risk of 
Myelosuppression

 

with tedizolid

 

phosphate.
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New oxazolidinones
 

: pros and cons

•
 

active on LZD-resistant
 strains

•
 

more potent
 

against
 intracellular

 
bacteria

•
 

possibly
 

less
 

toxic
 than

 
LZD

• rather
 

bacteriostatic
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CETHROMYCIN-SOLITHROMYCIN
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•

 

binding to domain II of ribosomes; 
activity on methylated ribosomes 

•

 

poor recognition by S. pneumo 
efflux pumps

•

 

pharmacokinetics: 
cellular accumulation, half-life

• tolerance

Heteroarylalkylgroup 
(in 6, 11, or on 6,11-bridge)

F
• increase in activity
• improvement of pharmacokinetics

carbonyl
• acid stability
• absence of inducibility of MLSB resistance
• poor recognition by S. pneumo efflux pumps

carbamate increase in activity

vinyl pharmacokinetics:
• prolonged half-life,
• high tissue penetration

6

1

11

12

cethromycin solithromycin
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Solithromycin: in vitro activity

Lemaire et al, ICC (2013) P105
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New ketolides
 

: pros and cons

•
 

active on ML-resistant 
strains

•
 

more bactericidal than
 conventional macrolides

•
 

possibly less toxic than
 telithromycin

• drug interactions ?
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Dalbavancin
•

 

VERY long half life (1 g followed by 500 mg 1 week later) 
•

 

skin and skin structure infections 
•

 

catheter-related bloodstream infections (Phase II) 
•

 

 priority review status by the FDA for the treatment of 
MRSA complicated skin and soft tissue infections 

Withdrawn (by Pfizer)
in Sep 2008

•

 

Re-developed by DURATA since 2009
•

 

No clinical data published since then but the web site says 
"Dalbavancin has completed a total of fifteen Phase 3, Phase 2 and Phase 1 clinical 
trials, over approximately ten years, in which more than 1,000 patients have been 
dosed with dalbavancin"
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Oritavancin

•

 

Also a VERY long half life (5-10 mg/kg 1x day ~ 10 days)
•

 

skin and soft tissue infection 
•

 

bloodstream infections (Phase II)

Rejected by FDA in  
2008 and withdrawn 

from EMA

•

 

Re-developed by the Medicines Company since 2009 as single and 
infrequent dosing of intravenous (i.v.) for the treatment of cSSSI

 
caused by Gram-positive pathogens
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Oritavancin
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Dalbavancin/Oritavancin
 

: pros and cons

• rapidly bactericidal
• once / once a-week
•

 
active on VRSA  
and VISA to some extent

• safety

• no oral route
• once-a-week ?
•

 
prolonged retention 
in the organism ?
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Ceftobiprole

Lovering et al., ECCMID (2006) P1586 
Hebeisen et al., AAC (2001) 45:825-31

BAL9141
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Ceftobiprole

•
 

broad spectrum ?
 (polymicrobial

 

infections)
• bactericidal
• synergistic with AG
• tissue penetration
• efficient in cSSTI, CAP

• broad spectrum ?
• trend to MIC increase
• IV only
• 2-3 x/day
• dysgeusia, nausea
• inefficient in VAP
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Conclusions
•

 
Contrary to what is often said, the pipeline for anti-Gram-

 positive organisms (incl. S. aureus) is far from being 
empty…

•
 

As
 

there is a definite need for improvement over 
vancomycin

 
and linezolid, emphasis for development 

and registration should be given to compounds with
–

 

Improved microbiological properties
–

 

clear clinical equivalence against vancomycin-susceptible strains 
AND superiority against vancomycin-insusceptible and linezolid-

 
resistant strains

–

 

improved safety profile
–

 

easier mode of treatment 

•
 

A premium price may need to be awarded as otherwise 
development will be limited…
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Back-up
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VANCOMYCIN
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VANCOMYCIN
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Adverse events observed in all enrolled patients (n = 94).

•at least 1 adverse event: 13.8%

•nephrotoxicity

 

‘possible’

 

ADE multiple RF

•treatment discontinuation in only 2 cases

VANCOMYCIN: actual toxicity with CI

hypersensivity 
2 (2,1%)

nephrotoxicity* 
10 (10,6%) 

NO (86,2%)

hematologic 
1 (1.1%)

*IDSA consensus statement def. of vancomycin

 

nephrotoxicity

 

(Rybak

 

et al. Am J Health-Syst

 

Pharm

 

2009): 
2 or 3 documented increases in serum creatinine

 

level; increase of 0.5 mg/dL

 

OR ≥

 

50% increase from baseline after 
several days of vancomycin

 

therapy.  

Ampe

 

et al. Int

 

J Antimicrob

 

Agents. 2013 May;41(5):439-46 
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TEDIZOLID Phase I: platelets (21 days)
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RADEZOLID

Zhou et al., J. Bioorg. Med. Chem. Lett. (2008) 18:6179-83

combines

 

the most important interactions defined by sparsomycin

 

and 
linezolid

 

into a single molecular design

Skripkin et al. AAC (2008) 52:3350-57

sparsomycin linezolid
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Anti Gram-positive agents in the pipeline

Company Class Drug Status (clinical)

Rib-X fluoroquinolones delafloxacin III (ABSSSI) II (CAP)

TaiGen nemonoxacin II (CAP/diabetic foot)

Furiex JNJ-Q2 III CAP/ABSSSI

Trius oxazolidinones tedizolid III (ABSSSI)

Rib-X radezolid II ABSSSI/CAP)

Adv. Life Sci. ketolides cethromycin III (CAP) / anthrax

Cempra solithromycin III (CAP)

Durata Lipogycopeptides

 

(*) dalbavancin III ABSSSI

The MedCo oritavancin III (ABSSSI)

Nabriva Pleuromotulin

 

(*) BC-3781 II (ABSSSI)

Polymedics Peptidomimetic

 

(**) PMX-30063 II (ABSSSI)

Affinium Fab

 

inhibitor (**) AFN-1252 II (ABSSSI)

GSK deformylase

 

inhibitor (**) GSK1322322 II  (ABSSSI/CAP)

*   new target (not yet exploited) –

 

dual site of action for oritavancin
** old target but not exploited in human systemic medicine
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Ketolides
 

and neuronal toxicity
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Ketolides
 

and neuronal toxicity
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