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Traveling from one « Notre Dame » to the other …

… is not too disorienting !
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A quite nice common experience ….

But what is the link 

between PBP2a 

and intracellular 

infections ?
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A quite nice common experience ….

But what is the link 

between PBP2a 

and intracellular 

infections ?

MRSA is everywhere … including insideour cells!
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The infected cell: a guided tour …

Listeria; cytosol S. aureus; phagolysosomes
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Phagosomes

Lysosomes

Phagolysosomes

Intracellular killing of bacteria 
by host cell defence mechanisms
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Phagosomes

Lysosomes

Phagolysosomes

Phagosomes
Salmonella spp.
Brucella spp.

Endoplasmic reticulum
Legionella pneumophila

Early endosomes

Mycobacterium spp.Inclusions
Chlamydia spp.

Cytosol
Listeria monocytogenes
Shigella flexeneri

Legionella pneumophila
Staphylococcus aureus

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

Some bacteria can escape 
host cell defence mechanisms …
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Benefits of intracellular life

invasion

protection

persistence



09/09/2010 University of Notre Dame 9

Benefits of intracellular life

invasion
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Migration to the CNS

bone-marrow monocyte

Antal et al., Brain Pathol. (2001) 11:432-8; Drevets & Bronze, FEMS Immunol Med Microbiol. (2008) 53:151-65
Drevets & Leenen, Microbes Infect. (2000) 2:1609-18; Drevets et al., Clin. Microb. Rev. (2004) 17:323-47

intra-axonal labeling  
by anti-listeria antibodies

adherence and transfert 
from monocytes to endothelial cells

Listeria: 
from the gut to the CNS
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Benefits of intracellular life

persistence
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S. aureus persistent infections

Evidence of an intracellular reservoir in the nasal mucosa of patients 
with recurrent Staphylococcus aureus rhinosinusitis

Clement et al., J Infect Dis. (2005) 192:1023-8 
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S. aureus persistent infections
Evidence of an intracellular reservoir 

in osteocytes (A,B), osteoblasts (C) and bone matrix 
of a patient with recurrent osteomyelitis

Bosse et al., J Bone Joint Surg Am. (2005) 87:1343-7
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S. aureus persistent infections
Evidence of Small Colony Variants and 

of intracellular S. aureus after treatment failure * 
in patients with prosthetic joint infections

Sendi et al., Clin Infect Dis. (2006) 43:961-7* Fluclox, CIP+ RIF, VAN + FEP
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Benefits of intracellular life

protection
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Failure to eradite with antibiotics in vitro …
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and treatment difficulties …
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How to hit intracellular bacteria with antibiotics ?
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Antibiotic properties for intracellular activity

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

bacterial
responsiveness

physico-chemical
conditions

cooperation with 
host defences

accumulation 
and 

bioavailability

metabolism binding

influx

efflux

PK PD/
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Cellular pharmacokinetics ….

accumulation 
and 

distribution
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Antibiotic accumulation and subcellular distribution 

linezolid: ~ 1 x
lincosamides: 1-4 x
tetracyclines: 2-4 x
rifampin : 2-10 x
synercid: 30-50x

?

aminoglycosides: slow ; 2-4 x 
glycopeptides: slow 

VAN ~ 8 x 
TLV ~ 50 x 
ORI ~ 150-300 x

endocytosis

β-lactams;  fast; ~ 1 x 

fluoroquinolones : fast
CIP, LVX : 4-10 x 
MXF, GAR, GMF : 10-20 x 

diffusion

diffusion/ 
segregation

macrolides: fast
ERY: 4-10 x
CLR, ROX, TEL: 10-50x   
AZM: > 50 x
CEM-101: 350 x 

oxazolidinones: fast
RDZ : 10 x
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Can we simply predict intracellular activity 
based on MIC and antibiotic accumulation?

Ouadrhiri et al (1999) AAC 43:1242-51

activity on 
intracellular 

Listeria
(5 h; 10 x MIC)

AMP AZM SPX0.0

0.5

1.0

1.5

antibiotic 
accumulation
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Importance of reaching intracellular bacteria …

adapted from Carryn et al., AAC (2002) 46:2095-2103 
Van Bambeke et al., AAC (2004) 48:2853-60 

Barcia-Macay et al., AAC (2006) 50:841-51 
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Importance of optimizing time and concentration …

adapted from Lemaire et al., JAC (2005) 55:897-904

ampicillin against Listeria monocytogenes
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Cellular pharmacodynamics

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

bacterial
responsiveness

physico-chemical
conditions

cooperation with 
host defences
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Setting-up appropriate models for the study 
of cellular activity of antibiotics
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Barcia-Macay et al, AAC (2006) 50:841-51



09/09/2010 University of Notre Dame 27

Setting-up appropriate models for the study 
of cellular activity of antibiotics

model Cstat (x MIC)

extra 0.27

intra 0.63

relative 
potency

-2 -1 0 1 2 3

-4

-2

0

2
extra
intra

Δ
lo

g 
C

FU
 2

4h
-0

h

log extracellular
concentration (mg/L)

moxifloxacin & S. aureus

Barcia-Macay et al, AAC (2006) 50:841-51
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Setting-up appropriate models for the study 
of cellular activity of antibiotics

model Cstat (x MIC) Emax

extra 0.27 -3.86 (5.22 to 2.51)

intra 0.63 -2.77 (3.31 to 2.22)

relative 
potency

maximal 
efficacy
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Barcia-Macay et al, AAC (2006) 50:841-51



09/09/2010 University of Notre Dame 29

Setting-up appropriate models for the study 
of cellular activity of antibiotics

model Cstat (x MIC) Emax

extra 0.27 -3.86 (5.22 to 2.51)

intra 0.63 -2.77 (3.31 to 2.22)

relative 
potency

maximal 
efficacy
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Quantitative comparison
~ models
~ drugs
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in vitro vs in vivo

in vitro
(macrophages)

in vivo 
(peritonitis)

Sandberg et al. JAC (2010) 65:962-973 

Linezolid & S. aureus
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What do these models tell us ?
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What do these models tell us ?

comparison : 1 drug ~  different models of infection

Linezolid ; THP-1 cells

• Cs close to the MIC
• amplitude of the effect depending on intracell. growth
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09/09/2010 University of Notre Dame 33

What do these models tell us ?

comparison : 1 drug ~  different bacterial strains

Linezolid ; THP-1 cells & S. aureus

• Cs close to the MIC for all susceptible strains
• Resistant strains may show modified Emax
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Lemaire et al, AAC (2010) 54:2549-59 
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What about intracellular potency ?

comparison : 1 model ~  different drugs
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How to modulate intracellular potency ?

THP-1 ; phagolysosomal S. aureus

MIC at acidic pH

Baudoux et al, JAC (2007) 59:246-53 

change pH!
conc.

ef
fe

ct
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How to modulate intracellular potency ?

change pH!

THP-1 ; phagolysosomal S. aureus

MIC at acidic pH x lysosomal accumulation

Baudoux et al, JAC (2007) 59:246-53 
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A quite nice common experience ….

But what is the link 

between PBP2a 

and intracellular 

infections ?
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MRSA vs. MSSA: 
intracellular activity of β-lactams

MRSA are as susceptible as MSSA to β-lactams when intracellular !

Lemaire et al., AAC (2007) 51:1627-32 
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MRSA vs. MSSA: 
extracellular activity of β-lactams

MRSA are as susceptible as MSSA in broth at acidic pH

Lemaire et al., AAC (2007) 51:1627-32 
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MRSA vs. MSSA: 
extracellular activity of β-lactams

MRSA are inside 
[acidic] vacuoles

Neutralization of lysosomes makes 
intracellular MRSA resistant to β-lactams !

Lemaire et al., AAC (2007) 51:1627-32 
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PBP2a conformation is modified by acidic pH

Lemaire et al., JBC (2008) 283:12769-76

closed !

OXAPBP2a

open !

PBP2a OXA
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How to modulate intracellular potency ?

increase concentration !

Seral et al., JAC (2003) 51:1167-73

• intracellular potency
• accumulation in lysosomes 

of azithromycin are increased 
by P-glycoprotein inhibitors

conc.
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fe
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How to modulate intracellular potency ?

increase concentration by modulating pH  !

Lemaire et al., ICAAC (2010) A1-677

• cellular accumulation 
• intracellular potency

of delafloxacin are increased 
in medium at acidic pH
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What about intracellular efficacy ?

comparison : 1 model ~  different drugs

THP-1 ; S. aureus

• Emax lower intracellularly 
highly variable depending on the drug 
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How to modulate intracellular efficacy ?

comparison : 1 drug ~  S vs R strains

THP-1 ; S. aureus

• Emax lower for a resistant strain

extracellular
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How to modulate intracellular efficacy ?

Normal 
Phenotype

Spontanous 
revertants

SCV

Thymidine dependent

Vergison et al. JAC (2007) 59:893-9 

comparison : isogenic strains with different phenotypes

S. aureus : SCV vs normal phenotype
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How to modulate intracellular efficacy ?

Nguyen et al, AAC (2009) 53:1434–42 

comparison : isogenic strains with different phenotypes

S. aureus – THP1
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How to modulate intracellular efficacy ?

Use combinations: Fractional maximal effect (FME) approach
- Handle the nonlinear pharmacodynamics exhibited by antibiotics

- Analyse the combinations with calculated and not arbitrarily chosen concentrations

Effect (E): decrease of inoculum after 24 h. Sigmoid Emax model ⇒ Emax , EC50

FME
ECxFMECxp −

=
1

50

Desbiolles et al, AAC (2001) 45: 3328-33

ATBs (A et B) are combined to a FME =1. 

5 pairs: 0.1 FMEA + 0.9 FMEB , 0.3 FMEA + 0.7 FMEB, 0.5 FMEA + 0.5 FMEB , 0.7 FMEA + 0.3 FMEB , 0.9 FMEA + 0.1 FMEB

Correspoding concentration to be tested alone and in combination:

conc.

ef
fe

ct

Presenter
Presentation Notes
Because the SCV used in this study is thymidine-dependent, we repeated the same experiments in medium supplemented with thymidine to see whether antimicrobial activities are modified. 

In this condition, the intracellular growth of the bacteria was restaured, but the activity of antibiotics  was not significantly increased except for Synercid.
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How to modulate intracellular efficacy ?

FME > 1 : synergistic;  = 1: additive

RIF-ORI combination is highly synergistic over a wide range of concentration ratios

Fractional maximal effect (FME) approach: RIF – ORI vs SCV

Nguyen et al, AAC (2009) 53:1443-49 

conc.
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Conclusion : what do these models tell us ?
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Conclusion : what do these models tell us ?

• intracellular drug relative potency (Cs) = intracellular « MIC »

close or slightly higher than MIC in broth even for drugs with high 
accumulation
reflect of   drug concentration in the infected compartment

influence of environment on intrinsic activity
bioavailability

• drug efficacy

lower than extracellularly 
highly variable depending on  the drug

the bacteria
reflect of change in bacterial responsiveness ?

metabolism ?
persisters ? SCV ?
bacterial growth rate ? 
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Perspectives : what to do with these data ?
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Use of these models 
to suggest new therapeutic options

MXFMXF

AMP AMP

GEN

GEN

Listeria in vitro

Listeria in vivo

MXF
GEN+AMP

Carryn et al, JAC (2003) 51:1051-52; Sipahi et al. JAC (2008) 61:670-3  
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Use of these models to position new molecules



09/09/2010 University of Notre Dame 55

Use of these models to position new molecules

Barcia-Macay et al, JAC (2006) 58:1177–84; Van Bambeke et al., TIPS (2008) 29:124-34 

New on 
the US market !
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Use of these models to position new molecules
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completed Phase II for radezolid

(LNZ-S) (LNZ-R)

Improved binding to the target
Increased cellular accumulation
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Use of these models to position new molecules

Lemaire et al, AAC (2009) 53:53:3734-43 

Solithromycin - fluoroketolide

Improved binding to the target
High cellular accumulation

entering Phase II
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Use of these models to position new molecules

Lemaire et al, AAC (2009) 53:2289-97 

But failed at FDA …
Yet, ceftaroline received a positive advice on Sept. 7!

also binds to PBP2a

β-lactamases
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Which drug is going to win the battle 
against intracellular bacteria ?
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Our intracellular PK/PD team over the years …

G. De Laminne

C. Seral
M. Barcia-Macay

S. Lemaire
H.A. Nguyen

A. Olivier

P. Baudoux

L. Garcia

Y. Ouadhriri

S. Carryn

A. Lismond

S. Vandevelde

J. Buyck

P. aeruginosaP. aeruginosa

L. monocytogenesL. monocytogenes

S. aureusS. aureus
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