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The pharmacologist's and toxicologist's 
key question …

• Can you model the complexity of the bacterial 
infection in relation to host ?

• Can you model antibiotic toxicity ?

• Can you model drug cellular transport ?
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Are these questions important ? 

• intracellular infection is probably a major cause of failure of 
antibiotic therapy in "difficult to treat" infections (suboptimal 
activity);

• it may also explain (partly) the emergence of resistance 
(exposure to pharmacologically suboptimal concentrations) 

• Toxicity is often a limitation to antibiotic usage …

• If antibiotics are not transported at their site of action, they are 
useless…
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Intracellular bacterial infections

• Obligatory or mainly intracellular:
– respiratory infections (pneumopathies): 

• Chlamydia pneumoniae: 10% in children
• Legionella pneumophila: frequent if immunosuppression
• Mycobacterium spp.: frequent if immunosuppression

– sexually transmitted diseases
• Chlamydia trachomatis: most common pathogen in MST

– CNS infections + other sites:
• Listeria monocytogenes: pregnant women; immunosuppression

(mortality: > 30 %)

• Facultative or mainly extracellular:
– digestive tract infections

• Salmonella spp., Shigella spp.
– respiratory, cutaneous, etc…tract infections

• Streptococcus spp., Staphylococcus spp.
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Activity …



London, UK - 15 Feb 2006Cellular models 6

Antibiotic intracellular activity ?

Question : which are the pharmacokinetic and 
pharmacodynamic parameters governing the 

activity of intracellular antibiotics
(Tulkens, 1991; Carryn et al., 2003)
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Is accumulation in cells the solution ?

Gladue et al., 
AAC 33:277-82, 1989
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The S. aureus problem …
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Why does S. aureus has an intracellular life, and is dangerous ? 

FnBP

β-integrin

fibronectin

adhesion internalisation

actin polymerisation

cytotoxicity
and 

cellular response

cytokines

Lowy, Trends Microbiol (2000) 8:341-342
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Settting up the model …

Seral et al. Antimicrob. Agents Chemother. 2003 47:2283-2292
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Using the model…

static concentration

Emax

Max. clinically-
meaningful 
concentration

Barcia-Macay et al. Antimicrob. Agents Chemother. 2006, in press
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Screening available antibiotics

Barcia-Macay et al. Antimicrob. Agents Chemother. 2006, in press
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What about a new antibiotic 
(tigecycline and intracellular S. aureus…)

accumulation in PMN:
about 20-30 fold

activity in PMN:
about 1 log10
at 1 mg/L
S. aureus ATCC 29213 
(MIC = 0.25 mg/L) 

Ong et al. J Antimicrob Chemother. 2005 Sep;56(3):498-501.
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Screening available antibiotics
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Cooperation
with host 

defenses ...

The intracellular pathway
of Listeria monocytogenes ...

A-C: control
D-E: with gamma-interferon

Ouadrhiri et al. Antimicrob. Agents Chemother. (1999) 43:1242-1251
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Cooperation with host defenses ...

Influence of GM-CSF on 
• TNF-α production by macrophages
• autocrine activation of Listericidal activity

Carryn et al. J. Infect. Dis. (2004) 189:2101-2109 
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Toxicity …
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Aminoglycoside toxicity …
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3and 
apoptosis
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Apoptosis in kidney and renal cells …

Morphological changes in rat renal 
cortex (A,C,D) upon treatment with 
gentamicin at low doses (10 mg/kg; 
10 days) and in cultured LCC-PK1 
renal cells (B) upon incubation with 
gentamicin (under conditions 
causing a drug accumulation 
similar to that observed in rat renal 
cortex of the animals treated as 
indicated in A, B, and C [approx. 
10 µg/g; 

Servais et al. In: Toxicology of the Kidney (Target Organ Toxicology Series), 2004, chap. 16, pp 635-685, 

rat cortex LLC-PK1 cells
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What is the mechanism of gentamicin–induced 
apoptosis and its relation to necrosis in kidney cortex ?

Mingeot-Leclercq & Tulkens, Antimicrob. Agents Chemother. (1999) 43:1003-1012 
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Are lysosomes disrupted by gentamicin ?
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What if you by-pass lysosomes ?

Figure 1: Staining of nuclei of LLC-PK1 cells by 4’,6’-diamidine-2’-phenylindole (DAPI). Incubated: cells were maintained for 24 h in the 
absence of gentamicin (no GEN) or in the presence of gentamicin (GEN) at the concentration shown (3 mM; 1.3 g/L). Electroporated: cells 
were electroporated in the absence (no GEN) or in the presence of gentamicin (GEN) at the concentration shown (0.03 mM; 13.9 mg/L), and 
examined 24 h later. In the absence of gentamicin, both electroporated and incubated cells show a diffuse finely reticulated staining 
characteristic of euchromatin of diploid interphase animal cells.  In contrast, cells electroporated or incubated in the presence of gentamicin
show typical changes associated with apoptosis, consisting in the condensation and fragmentation of the nuclear material.  

Servais et al., Antimicrob. Agents Chemother. in press
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Bypassing 
lysosomes in 

cultured cells …

Servais et al., Antimicrob. Agents Chemother. in press

apoptosis

necrosis
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Accumulation may not be without risks:
azithromycin may cause phospholipid accumulation …

Ultrastuctural alterations 
observed in cultured 
fibroblats maintained with 
0.03-0.1 mg/L of 
azithromycin for 7 to 16 
days.

Van Bambeke et al., J. Antimicrob. Chemother. 42:761-767, 1968
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Oritavancin cellular toxicity …

cells incubated 
at clinically 
meaningful 
concentrations

Van Bambeke et al. Antimicrob. Agents Chemotherapy (2005) 49:1695-1700. 
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Transport …
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Efflux and transport of 
antibiotics in eucaryotic cells
I. absorbtion and excretion

airways
bronchial 

ciliated cellMDR1 MRP1

PEPT2

intestinal 
lumen

enterocyteMDR1

MRP3PEPT1MRP2

MCT1

MRP1

urine

proximal tubular cell 

NPT-1 PEPT2

OctN1/2
OAT1/2/3

MRP2

Oat-K1/2

MCT1

Oatp1

MDR1

MCT1
bile

MDR1

MRP2

MRP3 NPT1

OATP
(B/C/D/E/8)

MRP1

OCT1 OAT2/3

hepatocyte

distal tubular cell 

OctN2
MRP1

OCT2

Oct1/2/3OAT4

Van Bambeke et al. J. Antimicrob. Chemother. (2003) 51:1067-1077 
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Modeling transintestinal
transport
of ampicillin pro-drugs:
1) net transport

Chanteux et al. Antimicrob. Agents Chemother. (2005) 49:1279-88.
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Modeling transintestinal
transport
of ampicillin pro-drugs:
2) accumulation of pro-
drug and conversion 
prodrug drug

Chanteux et al. Antimicrob. Agents Chemother. (2005) 49:1279-88.
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Modeling transintestinal transport of ampicillin pro-drugs:
3) oriented efflux of intracellularly released drug
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Chanteux et al. Antimicrob. Agents Chemother. (2005) 49:1279-88.
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Model of trans-intestinal transport
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Chanteux et al. Antimicrob. Agents Chemother. (2005) 49:1279-88.
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Efflux and transport of antibiotics in eucaryotic cells
II. trans-barrier passage and intracellular accumulation
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Van Bambeke et al. J. Antimicrob. Chemother. (2003) 51:1067-1077 
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Azithromycin accumulation in macrophages is sub-optimal because of effflux
through P-glycoprotein

Kinetics of uptake (A) and release (B) of azithromycin in J774 murine macrophages with (open 
squares) or without (closed squares) 20 µM verapamil. 

Seral et al.  Antimicrob. Agents Chemother. (2003) 47:1047-1051
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Characterizing P-gp-
mediated efflux and 
ranking macrolides

Seral et al.  Antimicrob. Agents Chemother. (2003) 47:1047-1051
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Ciprofloxacin (a fluoroquinolone) is subject to MRP-mediated efflux 
in macrophages

Michot et al. Antimicrob. Agents Chemother. (2004) 48:2673-2682



London, UK - 15 Feb 2006Cellular models 36

Ranking fluoroquinolones for 
efflux and explaining 
differences in accumulation

Michot et al. Antimicrob. Agents Chemother. (2005) 49:2429-2437
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Making MRP-overexpressing cells

WT: wild type
RS: MRP-overexpressing cells

Michot et al. Antimicrob. Agents Chemother. 2006 (in press)
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Assessing the intracellular activity of ciprofloxacin in 
MRP-overexpressing cells

Michot et al. Antimicrob. Agents Chemother. 2006 (in press)

WT: wild type
RS: MRP-overexpressing cells
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Conclusions

Cell lines are useful to adress many questions related 
to antibiotic development and assessment

1. activity against intracellular pathogens...

2. cooperation with host defenses...

3. cellular toxicity ...

4. drug transport...

5. ... and probably many others if the models are 
chosen appropriately  
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