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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



14/02/2012 Tours - INRA 6

Benefits
 

of intracellular
 

life

invasion



14/02/2012 Tours - INRA 7

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
 

can
 

survive and multiply
 in several

 
cell

 
types  

Mechanisms of Staphylococcus aureus

 

invasion of

 

cultured osteoblasts.

 
Ellington et al. Microb

 

Pathog. (1999) 26:317-23. 

Invasion of human keratinocytes

 

by

 

Staphylococcus aureus

 

and 
intracellular bacterial persistence represent haemolysin-independent 
virulence mechanisms that are followed by features of necrotic and 
apoptotic keratinocyte

 

cell death.
Mempel

 

et al. Br J Dermatol. (2002) 146:943-51.

In vitro ability of Staphylococcus aureus

 

isolates from bacteraemic

 
patients with and without metastatic complications to invade vascular 
endothelial cells.

 
Park et al. J Med Microbiol. (2007) 56:1290-5.

Staphylococcus aureus

 

invasion of bovine mammary epithelial cells.
Almeida et al. J Dairy Sci. (1996) 79:1021-6. 
Brouillette

 

et al. Microb

 

Pathog. (2003) 35:159-68. 
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S. aureus
 

can
 

survive and multiply
 in several

 
cell

 
types  

Mechanisms of Staphylococcus aureus

 

invasion of

 

cultured osteoblasts.

 
Ellington et al. Microb

 

Pathog. (1999) 26:317-23. 

Invasion of human keratinocytes

 

by

 

Staphylococcus aureus

 

and 
intracellular bacterial persistence represent haemolysin-independent 
virulence mechanisms that are followed by features of necrotic and 
apoptotic keratinocyte

 

cell death.
Mempel

 

et al. Br J Dermatol. (2002) 146:943-51.

In vitro ability of Staphylococcus aureus

 

isolates from bacteraemic

 
patients with and without metastatic complications to invade vascular 
endothelial cells.

 
Park et al. J Med Microbiol. (2007) 56:1290-5.

Staphylococcus aureus

 

invasion of bovine mammary epithelial cells.
Almeida et al. J Dairy Sci. (1996) 79:1021-6. 
Brouillette

 

et al. Microb

 

Pathog. (2003) 35:159-68. 

Intracellular Staphylococcus aureus. A mechanism for the indolence of 
osteomyelitis.

 
Ellington et al. J. Bone Joint Surg

 

Br. (2003) 85:918-21

Intracellular persistence of Staphylococcus aureus

 

small-colony variants 
within keratinocytes: a cause for antibiotic treatment failure in a patient 
with darier's

 

disease.
Von Eiff

 

et al. Clin

 

Infect Dis. (2001) 32:1643-7

Phagocytosis

 

of Staphylococcus aureus

 

by cultured bovine aortic 
endothelial cells: model for postadherence

 

events in

 

endovascular 
infections.
Hamill

 

et al. Infect Immun. (1986) 54:833-6. 

Demonstration of intracellular Staphylococcus aureus

 

in bovine mastitis

 
alveolar cells and macrophages isolated from naturally infected cow milk.
Hebert et al. FEMS Microbiol. Lett. (2000) 193:57-72. 
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P. aeruginosa
 

as an intracellular
 

pathogen

• penetration inside epithelial cells and phagocytic

 

cells
 protection from immune defences 

•

 

reservoir responsible for persistence 
or recurrence of infections

• intracellular fate not yet fully characterized ….

Pneumocytes

Schmiedl

 

et al., Cell Tissue Res. (2010) 342:67-73.

Alveolar

 

macrophages
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Benefits
 

of intracellular
 

life

protection
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Failure
 

to eradicate
 

with
 

antibiotics
 

in vitro …
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and treatment
 

difficulties
 

…



14/02/2012 Tours - INRA 15

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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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

-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
SOL: 350 x 

oxazolidinones: fast
RDZ : 10 x



14/02/2012 Tours - INRA 18

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

AMP AZM SPX0

25

50

75

100

MIC
(L. monocytogenes)

AMP AZM SPX0.0

0.5

1.0

1.5
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Phagocytosis

Incubation

 

(with

 

antibiotics)
For up to 24 h

Opsonization
9 mL RPMI +
1 mL human

 

serum

Extracellular

 

Wash
Gentamicin

 

100 X MIC h)

5 -10 x105

 

CFU/mg prot.
Time 0

In vitro
 

model of intracellular
 

infection
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Phagocytosis

Incubation

 

(with

 

antibiotics)
For up to 24 h

Opsonization
9 mL RPMI +
1 mL human

 

serum

Extracellular

 

Wash
Gentamicin

 

100 X MIC h)

5 -10 x105

 

CFU/mg prot.
Time 0

In vitro model of intracellular
 

infection

remains

 

in 
vacuoles

Seral

 

et al., Antimicrob. Agents Chemother. (2003) 47:2283-2292

S. aureus

 

as an example
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Setting-up appropriate
 

models
 

for the study
 of cellular activity

 
of antibiotics

-2 -1 0 1 2 3

-4

-2

0

2
extra
intra


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)

extra 0.27

intra 0.63

relative 
potency

-2 -1 0 1 2 3

-4

-2
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2
extra
intra


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

-2 -1 0 1 2 3

-4

-2

0

2
extra
intra


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

-2 -1 0 1 2 3

-4

-2

0

2
extra
intra


lo

g 
C

FU
 2

4h
-0

h

log extracellular
concentration (mg/L)

moxifloxacin

 

& S. aureus

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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Comparing
 

different
 

drugs
 

against
 

a single species

Activity

 

at

 

24 h against

 

S. aureus –

 

fully

 

susceptible strain

Barcia-Macay

 

et al., Antimicrob

 

Agents Chemother. (2006) 50:841-51 
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Balance of extra-and intracellular
 

activity
 of antibiotics

 
against

 
S. aureus

Adapted from Van Bambeke

 

et al., Curr

 

Opin

 

Drug Discov

 

Devel. (2006) 9:218-30 
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What
 

about resistant
 

strains
 

?

higher

 
intracellular

 
EC50

higher

 
intracellular

 
EC50

lower

 
intracellular

 
Emax

no effect

 
of resistance

 
phenotype

no effect

 
of resistance

 
phenotype

Lemaire et al., Clin. Microbiol. Infect. (2008) 14:766-777

VISA and DAP-resistant strains isolated from a patient with endocarditis
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What
 

about resistant
 

strains
 

?

Lemaire et al., J. Antimicrob. Chemother. (2011) 66:596-607

S. aureus

 

strains with increasing MICs

 

to moxifloxacin
Intracellular

 
susceptibility

 
breakpoint
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Beta-lactams
 

~ MSSA and MRSA

MRSA are as susceptible as MSSA to -lactams

 

when

 

intracellular

 

!

Lemaire

 

et al., Antimicrob. Agents Chemother. (2007) 51:1627-1632 



14/02/2012 Tours - INRA 31

MRSA vs.
 

MSSA: 
extracellular

 
activity

 
of -lactams

MRSA are as susceptible as MSSA in broth at acidic pH

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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Comparing
 

a class of drugs
 

against
 

different
 

bacteria
Beta-lactams

 

vs. L. moncytogenes

 

and S. aureus

Lemaire

 

et al. JAC (2005) 55:897–904 

more active 
against

 
intracellular

 
bacteria

 

?
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Why
 

are beta-lactams
 

so
 

active against
 intracellular

 
L. monocytogenes

 
?

Proteome

 

analysis

 

of intra-

 

vs extra-

 

Listeria

Van de Velde

 

et al. Proteomics (2009) 9:5484-5496

extra/intra

Reduced

 
cell

 

wall

 
synthesis
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Comparing
 

a class of drugs
 

against
 

different
 

bacteria

L. monocytogenes
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Fluoroquinolones

 

against

 

L. monocytogenes

 

vs. S.aureus
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ce
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ot

Vallet

 

et al. Int. J. Antimicrob. Ag. (2011) 38:249-256. 

They

 

all look  the same

 

…



14/02/2012 Tours - INRA 36

Comparing
 

a class of drugs
 

against
 

different
 

bacteria

L. monocytogenes
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…eventhough

 
they

 

accumulate

 
to variable levels
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Comparing
 

a class of drugs
 

against
 

different
 

bacteria

L. monocytogenes
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intracellular

 
bioavailability

 

?
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What
 

about P. aeruginosa
 

?

S. aureus
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These

 

two

 

look alike

 

…
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What
 

about P. aeruginosa
 

?

S. aureus
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…

Lamp

 

3

 

/

 

PAO1

not associated

 
with

 

lysosomes 
after

 

8 h 
(in epithelial

 

cells)
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Can we
 

do better
 

?
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Can we
 

do better
 

?

0.1 0.3 0.5 0.7 0.9

0.1

0.3

0.5

0.7

0.9

FME of A
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E 

of
 B

0.10.30.50.70.9
drug B

0.1 0.3 0.5 0.7 0.9
0.00

0.25

0.50

0.75
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additivity

indifference

antagonism

antagonismantagonism

synergy

drug A

FM
E

EC50

Emax

1 = Emax

CA

 

=
FMEA

 

.EC50A

1-FMEA

CB

 

=
FMEB

 

.EC50B

1-FMEB

FMEcomb.

 

= FMEA

 

+ FMEB

 

= 1

1 = Emax

Antibiotic

 

combinations
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Combinations
 

against
 

extracellular
 

P. aeruginosa

CIP / CST 0.9/0.1 0.7/0.3 0.5/0.5 0.3/0.7 0.1/0.9
      

1.51 0.39 0.17 0.07 0.02 mg/L 0.06 0.25 0.56 1.36 5.26 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

CIP
CST

CST / TOB 0.9 /0.1 0.7 /0.3 0.5/0.5 0.3 /0.7 0.1 /0.9
      

5.26 1.36 0.56 0.25 0.06 mg/L 0.04 0.14 0.32 0.75 2.87 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

CST
TOB

MER / CST 0.9 /0.1 0.7 /0.3 0.5/0.5 0.3 /0.7 0.1 /0.9
      

10.44 2.71 1.16 0.50 0.13 mg/L 0.06 0.25 0.56 1.36 5.26 
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2.5

3.0

MER
CIP

MER / TOB 0.9 /0.1 0.7/0.3 0.5/0.5 0.3/0.7 0.1/0.9
      

10.44 2.71 1.16 0.50 0.13 mg/L 0.04 0.14 0.32 0.75 2.87 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

MER
TOB

Synergy !     

Buyck

 

et al, ICAAC 2011
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CIP / CST 0.9/0.1 0.7/0.3 0.5/0.5 0.3/0.7 0.1/0.9
      

2.53 0.66 0.28 0.12 0.03 mg/L 0.04 0.17 0.39 0.91 3.51 
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2.0

2.5

3.0

CIP
CST

CST / TOB 0.9 /0.1 0.7 /0.3 0.5/0.5 0.3 /0.7 0.1 /0.9
      

3.51 0.91 0.39 0.17 0.04 mg/L 0.34 1.30 3.03 7.06 27.23 
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

CST
TOB

MER / CIP 0.9 /0.1 0.7 /0.3 0.5/0.5 0.3 /0.7 0.1 /0.9
      

5.43 1.41 0.60 0.26 0.07 mg/L 0.03 0.12 0.28 0.66 2.53 
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2.5

3.0

M ER
CIP

MER / TOB 0.9 /0.1 0.7/0.3 0.5/0.5 0.3/0.7 0.1/0.9
      

5.43 1.41 0.60 0.26 0.07 mg/L 0.34 1.30 3.03 7.06 27.24 
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0.5

1.0
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2.0

2.5

3.0

MER
TOB

Combinations
 

against
 

intracellular
 

P. aeruginosa

Additivity …

Buyck

 

et al, ICAAC 2011
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Combinations
 

against
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models
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What
 

do these
 

models
 

tell us ?

Now, I know how 
to catch them

 
!

• high

 

intracellular

 

biodisponibility

• capacity

 

to rejoin

 

the infected

 

compartment

• not substrate

 

for efflux pumps

• low

 

MIC at

 

both

 

neutral

 

and acidic

 

pH

• highly

 

bactericidal, including

 

against

 

slow growing

 

bacteria

• no cell

 

toxicity

• cooperation

 

with

 

cell

 

defence

 

mechanisms
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Use of these
 

models
 

to position new molecules
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