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INTRODUCTION 
                     

I – MICROBIOLOGICAL PROPERTIES 
 

The term Staphylococcus is derived from the Greek expression staphyle (bunch of 

grapes) and was chosen by Sir Alexander Ogdson because of its characteristic arrangement 

into clusters. Microscopically, Staphylococcus aureus is a non-motile Gram-positive 

organism characterized by individual cocci. It is distinguished from other staphylococcal 

species (S. epidermidis and S. saprophyticus) on the basis of the gold pigmentation of its 

colony and positive reactions in the following tests: (i) coagulase, a test differentiating 

S. aureus from coagulase-negative S. epidermidis; and (ii) acid production by mannitol 

fermentation.  
 

1. Important microbiological determinants of Staphylococcus aureus 
1.1. Genome  

The genome consists of a single circular chromosome (2.7 to 2.8 mega-base pairs; G 

+ C content of about 33 %), coupled with an assortment of extra-chromosomal accessory 

genetic elements (conjugative and non-conjugative plasmids, mobile elements, 

bacteriophages,…).161  
 

Diversification within the S. aureus population is achieved through a combination of 

mutations, recombinations and horizontal gene transfers. This pathogen demonstrates 

therefore a remarkable ability to acquire potentially useful genes from a variety of organisms, 

facilitating the evolution of many virulent and drug-resistant strains.108  
 

1.2. Cell-wall constituents  
The peptidoglycan, the major cell-wall constituent, consists of alternating 

polysacharide subunits of N-acetylglucosamine and N-acetylmuramic acid, and pentapeptide 

sides chains linked to the muramic acid residue216. Other important cell-wall constituents 

include (i) a group of phosphate-containing polymers designed as teichoic acids, which are 

covalently bound to pepdidoglycan (cell-wall teichoic acids) or linked to the lipid of the 

bacterial cell membrane (membrane teichoic acids)128, and (ii) major adhesins such as 

fibronectin-binding proteins, clumping factor, protein A and collagen-binding protein.139  
 

1.3. Major toxins and virulence factors 
The success of S. aureus as a pathogen is in large part the consequence of its 

versatile arsenal of toxins and virulence factors. Depending of the strains, S. aureus is 

capable of secreting membrane-damaging toxins (α-δ haemolysins, Panton-Valentine 

leukocidin), epidermolytic toxins or enterotoxins (enterotoxins A-E, Toxic Shock Syndrome 

Toxin 1 [TSST-1]).  
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II – DISEASES CAUSED BY STAPHYLOCOCCUS AUREUS 
 

In an elegant series of clinical observations and laboratory studies in the early 1880’s, 

Ogston described staphylococcal diseases and their role in sepsis and abscess formation. 

More than 100 years later, Staphylococcus aureus continues to pose an increasing threat 

worldwide. This dangerous pathogen is commonly implicated in a wide range of infectious 

illnesses (Table 2.1), ranging from superficial would infections to life-threatening 

cardiovascular infections, septicaemia and toxic-shock syndrome.139 It is also a major food 

poisoning bacterium. 
 

TABLE 2.1. Clinical manifestations associated with Staphylococcus aureus infections 
Types of infections  
Direct infection  
     (a) Skin infections folliculitis, carbuncle, impetigo, cellulitis, abcess, … 
     (b) Deep infections  arthritis, osteomyelitis  
Blood stream infections bacteriemia, sepsis 

metastatic infections : endocarditis, meningitis, osteomyelitis, 
arthritis, pericarditis, lung abscess, … 

Toxin-mediated diseases food poisoning 
scaled skin syndrome 
toxic shock syndrome with multiple organ failure 

 

1. Carriage of Staphylococcus aureus  
Nasal carriage of S. aureus appears to play a key role in the epidemiology and 

pathogenesis of infection. While 20 % of the population never carries this pathogen, 20 % 

and 60 % of individuals are, respectively, persistent and intermittent carriers. Prevalence 

and incidence of S. aureus nasal carriage vary according to the population126,127,248, with 

increasing carriage rates for physicians, nurses, hospital ward attendants, patients with 

diabetes mellitus, patients undergoing chronic hemodialysis or continuous ambulatory 

peritoneal dialysis (CAPD), intravenous drug addicts, patients with dermatologic diseases.  

 

2. Staphylococcal human infections 
Staphylococcus aureus has ability to survive in various environments. In particular, this 

bacteria shows high tolerance to variations of pH (Fig.2.1), which confers an advantage for 

colonizing body sites characterized by mildly acidic pH (such as skin, mouth, vagina and 

urine).  

  

2.1. Skin-related infections 
Staphylococcus aureus has long been recognized as a leading cause of skin and soft-

tissues infections including abscesses, atopic dermatitis, carbuncles, cellulitis, furuncles, 
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folliculitis, impetigo, pemphigus, psoriasis, … 226 In particular, necrotizing soft-tissue 

infections may be rapidly fatal because of the toxin-induced circulatory collapse.  

 

 
Fig.2.1. pH ranges of various staphylococcal niches in the human host. Abcess, pH 6.2 to 7.3; 
blood, pH 7.4; lung, pH 6.8 to 7.6; mouth, pH 5 to 7; nose, pH 6.5 to 7; skin, pH 4.2 to 5.9; urinary 
tract, pH 4.6 to 7; and vagina, pH 4.2 to 6.6 (Weinrick et al, 2004276). 
 
2.2. Deep-seated infections  

Following bacterial dissemination, S. aureus is able to cause deep-seated infections 

such as inflammatory reactions in the joint space (septic bursitis, arthritis) or severe bone 

infections (osteomyelitis).146  

 

2.3. Bacteraemia  
According to the National Nosocomial Infection Surveillance system of the US Centers 

for Disease Control and Prevention (CDC), 16 percent of hospital-acquired cases of 

bacteraemia in the United States were due to Staphylococcus aureus from 1991 to 1995. 

The frequency of S. aureus MRSA bacteraemia has, however, increased dramatically in 

United States and in Europe over the few years (see for review: 76,88). This increasing 

frequency, coupled with the growing emergence of antibiotic resistance, has therefore 

renewed interest in this serious staphylococcal infection.25,193  

 

2.4. Metastatic infections  
Once it enters the blood, Staphylococcus aureus is one of the most lethal human 

pathogens with the unique ability to cause difficult-to-threat endovascular infections (heart 

valve infections), pneumonia, meningitis, lung abscesses, pericarditis, …  
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2.5. Toxin-mediated diseases 
Among the predominant bacteria involved in food-borne diseases, Staphylococcus 

aureus is the leading cause of gastroenteritis resulting from the consumption of enterotoxins-

contaminated food.134 Symptom-onset is abrupt and the disease may be severe enough to 

warrant hospitalization, but is usually self-limiting and does not require specific therapy. 

 

In contrast, staphylococcal scalded skin syndrome (SSSS; Ritter syndrome) and toxic 

shock syndrome (TSS) are more severe. Staphylococcal scalded skin syndrome is a rare 

but well-described disorder in neonates and young children and results from the colonization 

or infection with a strain of S. aureus producing epidermolytic toxins.188 It ranges in severity 

from trivial focal skin blistering to extensive, life-threatening exfoliation. Toxic shock 

syndrome is one of the most feared staphylococcal manifestations and results from the 

colonization or infection with a strain of S. aureus producing the protein TSST-1. The key 

features of this infection are widespread erythroderma occurring in association with profound 

hypotension and multiple organ dysfunction.217  
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III – LIFE ON THE INSIDE, MICROBIAL STRATEGIES OF S. AUREUS 
 

The diversity of bacteria-host interactions is outstanding. These interactions range from 

mutualistic symbiotic interactions that benefit both parties to unstable relationships in which 

pathogens kill rapidly host cells. Chronic and relapsing infections lie somewhere between 

these two extremes. In the case of S. aureus, it has been shown that this pathogen has 

ability to invade in vitro many host cells, including both professional (neutrophils92, 

monocytes227 and macrophages22) and non-professional phagocytes (endothelial 

cells96,142,267, osteoblasts114, keratinocytes152, fibroblasts253,…). This unusual microbial 

strategy, which is illustrated in figure 3.1, provides a niche protecting the bacteria from 

humoral responses and antimicrobials.  
 

1. Intracellular life-style of Staphylococcus aureus 
1.1. Adherence of the bacteria to host cell  

Bacterial adherence to host cell is a prerequisite for invasion. For this purpose, 

S. aureus expresses an array of adhesins designed as microbial surface components 

recognizing adhesive matrix molecules (MSCRAMMs). These proteins include fibronectin-

binding proteins (FnBPs), fibrinogen-binding proteins, elastin-binding adhesion, collagen-

binding adhesion and finally, a broad-specificity adhesion (MAP) (see for review4). 

 

1.1.1. Fibronectin-binding proteins (FnBPs) 
Fibronectin Binding Proteins (FnBPs) are likely the most important MSCRAMMs in 

staphylococcal host cell invasion. Interactions appear to occur through a bridging model 

where fibronectin is bind by staphylococcal FnBPs as well by eukaryotic integrins. Using 

FnBP mutants and their co-isogenic parental strains, it has been established that FnBPs are 

critically required for the adherence of the pathogen to bovine mammary epithelial cells66, 

human endothelial cells189, mouse fibroblasts78, human osteoblasts2, murine peritoneal 

macrophages228, human keratinocytes125. Additionally, transformation of non-invasive 

species of Staphylococcus carnosus and Lactococcus Lactis with FnBP-encoding plasmids 

conferred an invasive potential to these organisms.235  

 

1.1.2. Integrins 
The relevance of β1-integrins in the internalization process has been well described. 

Using mutational analysis, Van Nhieu and colleagues have demonstrated the critical role of 

their cytoplasmic domains for staphylococcal internalization263. Additionally, the utilization of 
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α5β1-integrins raised-antibodies is associated with a decreased internalization of S. aureus 

by keratinocytes125.  

 

A B

C D

 
Fig.3.1. Infectious cycle of Staphylococcus aureus illustrating the adhesion to host cells (macrophages) 

(A) or the residence within membrane-bounded vacuoles (B-D). 

 

1.2. Invasion and residence within phagosomes 
Internalized bacteria are generally processed within membrane-bounded vesicles that 

mature through a series of fusion steps yielding to mature phagolysosomes (characterized 

by a low pH and containing lysosomal hydrolases). Internalization process can be (i) passive 

and directed by the host cell (phagocytosis; professional phagocytes) or (ii) triggered by the 

induction of membrane ruffling and macropinocytosis (non-professional phagocytes) using 

receptor-mediated endocytosis.  

 

1.3. Escape of the bacteria from the phagosomes 
Intracellular bacteria have evolved mechanisms to evade destruction occurring after 

internalization (Fig.3.2). Some pathogens (like Mycobacteria tuberculosis, Legionella 

pneumophila, and Brucella abortus) are able to subvert host vesicle trafficking, preventing 

therefore the effective fusion of phagosomes with lysosomes. Other bacteria (like Shigella 
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flexneri, Listeria monocytogenes, and Rickettsia spp.) can escape from phagosomes into the 

cytosol. In the case of Staphylococcus aureus, it has been established that this pathogen 

has ability to escape the phagolysosomal pathway in certain non-profesionnal phagocytes, 

including endothelial cells (Human umbilical vein endothelial cells [HUVEC]153), epithelial cell 

lines (cystic fibrosis tracheal epithelial cell line [CFT-1 cells]116; bovine mammary epithelial 

cell line [MAC-T]24), immortalized cell line from cervical carcinoma [HeLa cells]218) and bones 

cell line (embryonic chick osteoblast)202. To the present day, the specific pathways by which 

S. aureus subverts host cell trafficking remain elusive.  

 

 
Fig.3.2. Pictorial description of the various pathways followed by intracellular bacteria to 
evade cellular mechanisms of destruction after phagocytosis.  
Some bacteria remain localized within phagosomes, that are (i) unable to fuse with other vacuoles 
(Brucella spp., Salmonella spp., and Francisella tularensis), (ii) able to fuse with newly formed 
endosomes but not with lysosomes (Mycobacterium), or (iii) able to fuse with the endoplasmic 
reticulum in a form of anormal autophagy (Legionella pneumophila). Other bacteria, such as Listeria 
monocytogenes, Shigella flexeneri, and Rickettsia spp, escape hastily from phagosomes to avoid 
both acidification and the subsequent sequestration within phagolysosomes. Finally, some bacteria 
(such as Staphylococcus aureus or Coxiella burnetii) may resist to the fusion of phagosomes with 
lysosomes and multiply within the phagolysosomal apparatus (Carryn et al, 200348).  
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1.4. Intracellular persistence 
Molecular detail governing the intracellular persistence of S. aureus for extended 

period is still largely unknown. However, it has been shown that shortly after its 

internalization by human lung epithelial cells, the bacterial gene expression profile of this 

pathogen dramatically changes (Fig. 3.3). Firstly, and in contrast to other microorganisms 

known to actively multiply within cells (such as Listeria monocytogenes, Shigella, or 

Salmonella), intracellular S. aureus transiently shuts down most of its metabolic functions. 

Profound shut-down of gene expression is observed for genes involved in the production of 

energy (citrate and ATP cycles, pyruvate metabolism, and oxidative phosphorylation) or in 

the cell division machineries (transpeptidases, genes involved in the synthesis of teichoic 

acid, …).85 

 

 
Fig.3.3. Global view of S. aureus whole genome expression upon internalization in human lung 
epithelial cells. The graph represents the number of genes found differentially regulated compared to 
extracellularly (Adapted from Garzoni et al, 2007)85. 
 

Secondly, the expression of several toxin genes known to affect host cell integrity 

(such as the cytolysin alpha-haemolysin [hla]) also appears strongly regulated intracellularly. 

Importantly, their expression is highly modulated through a complex network of regulatory 

molecules (including two-components systems and global regulators [such as agr or 

sar])163,175, contributing not only to a rapid adaptation of the bacteria to environmental 

changes, but also to the regulation of toxins and cell-surface components expression during 

bacterial growth. In the model described by Garzoni and colleagues, internalized bacteria 

are associated with a moderately increased expression of RNAIII, a compound known to 
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induce agr expression, resulting consequently in the reduced expression of hla that 

potentially mediates the induction of apoptosis and cellular destruction85.   

 

Thirdly, whereas major metabolic pathways are severely down-regulated, numerous 

genes involved in virulence are up-regulated. Among the most significantly up-regulated 

genes, Garzoni and colleagues have found extensive modifications for genes encoding 

fibronectin binding proteins (fnbpA, fnbpB) or the intercellular adhesion proteins (icaB)85.   

 

Taken together, these results support that S. aureus extensively reprograms its 

transcriptome once it reaches the intracellular environment. Internalization of S. aureus 

appears, therefore, to require (i) only a limited number of bacterial factors (since most 

bacterial genes were down-regulated), which may explain the delay of intracellular bacterial 

replication, and (ii) a reduced expression of bacterial enzymes targeting the eukaryotic 

membrane (i.e. alpha haemolysin).   

 
1.5. Bacterial induced-host damages 

Staphylococcal infections are typically associated with the death of tissues. The ability 

of S. aureus to induce apoptosis has been noticed in a variety of cell types including 

epithelial cells24, endothelial cells153, keratinocytes171, osteoblasts249, neutrophils237 and 

macrophages211. In particular, Wesson and colleagues have demonstrated that S. aureus 

mediated-apoptosis in bovine mammary epithelial cells involved caspase-8 and caspase-3, 

two key components associated with death receptors induced-apoptosis.277 Induction of 

apoptosis by S. aureus might play an important role in the microbial pathogenesis by 

providing a route to the pathogen for its effective dissemination to distant sites.  

 

2. Small Colony Variants of Staphylococcus aureus  

2.1. Main characteristics  
Small Colony Variants (SCVs) of Staphylococcus aureus, which are commonly 

related to persistent and recurrent illnesses (pulmonary infections associated with cystic 

fibrosis, chronic osteomyelitis or keratosis follicularis [Darier-White disease])268,269,274, 

represent naturally occurring subpopulations of S. aureus that were first described in the 

early 1900’s. Although several genetic and metabolic defects may contribute to the 

expression of this phenotype, a frequent characteristic of these slow-growing, pinpoint 

bacteria is their auxotrophic phenotype (Table 3.1). The two most frequently described 

groups of metabolic defects are those that lead to (i) a deficient electron transport pathway 

(due to defects in the biosynthesis of menaquinone [menaquinone pathway] or cytochrome 
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[hemine pathway], affecting thereby oxidative phosphorylation and ATP generation)213,270 

and (ii) an impaired thymidine biosynthesis.36    
 

TABLE 3.1. Typical features of S. aureus SCVs (adapted from Von Eiff et al272) 

 

Properties Normal S. aureus phenotype SCV phenotype 
Morphology Yellow-oranges colonies  

∅ 4-8 mm 
Pinpoint colony 

∅ 1 mm 
Auxotrophism No Hemin ; Hemin/Menadione 

Thymidine 
Toxins activity: 

- α-haemolysin 
- β-haemolysin 

 
Normal 
Normal 

 
reduced  
reduced 

Enzymes activity : 
- Coagulase 
- Catalase 

 
Normal 
Normal 

 
3-4 fold delayed 

Reduced 
Biochemical reactions Normal Delayed and/or changed 
Growth rate on solid media 12-18 h Delayed (48 h) 

2.1.1. SCVs with defects in electron transport 
Alteration in electron transport chain is a common phenotypic characteristic of SCVs. 

Using specifics mutants (hemB or menD mutants) and the phenotype microarray technology, 

Von Eiff and colleagues have systematically detailed the physiological changes occurring in 

these mutants.273 Compared to their parental strain, the hemB mutant is defective in 

utilization of a variety of carbon sources, including Krebs cycle intermediates and 

compounds that ultimately generate ATP via electron transport. The phenotype of the menD 

mutant is similar to that of the hemB mutant, but defects in carbon metabolism are more 

pronounced than those seen with the hemB mutant. Of particular relevance, carbohydrates 

that provided ATP in the absence of electron transport allow the growth of both mutants.  

 

2.1.2. SCVs with defects in thymidine biosynthesis  
The phenotype of thymidine-auxotrophic SCVs, which are frequently isolated from 

patients suffering of cystic fibrosis, is nearly identical to that of SCVs characterized by a 

deficient electron transport (Fig.3.4). Nearly all thymidine-dependent SCVs have emerged 

due to a long-term treatment with trimethoprim, an agent interfering with the tetrahydrofolic 

acid pathway.37,272 Tetrahydrofolic acid is a co-factor for the thymidylate synthase, which 

catalyses the last step of the biosynthesis of thymidine (i.e. the formation of dTMP from 

dUMP). While wild-type S. aureus are normally susceptible to trimethoprim (because they 

need to produce dTMP to build up their DNA), Thymidine-auxotrophic SCVs are resistant to 

this agent because they use the dTMP found in the environment.  

 

 
22 



INTRODUCTION 
                     

 
Fig.3.4. Phenotype of a thymidine-auxotrophic SCV (A, B) and its corresponding, large-colony 
revertant (C,D) (Besier et al, 200736).      

 

Besier and colleagues have shown that alterations of the thymidylate synthase might 

play a major role in the occurrence of thymidine-auxotrophic SCVs.36 Sequence analysis of 

the gene encoding the thymidylate synthase (thyA gene) of six clinical isolates of thymidine-

auxotrophic S. aureus has revealed that all isolates had mutations in the thyA sequence 

(such as (i) truncation by nonsense or frame-shift mutations, (ii) deletions or (iii) amino acid 

substitutions within the thyA gene product). Moreover, while deletions and frame-shift 

mutations results in the formation of a stable SCV phenotype, a nonsense mutation or a 

single nucleotide substitution is associated with an instable SCV phenotype. Of particular 

relevance also, construction of a genetically well-defined thyA mutant results in the formation 

of a thymidine-auxotrophic SCV phenotype.  

 

2.2. Survival advantages of SCVs 
The formation of SCVs has important pathogenic implications. Firstly, because the 

defects and the ensuing SCV phenotype are often reversible, these mutants have abilities to 
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revert to a highly virulent phenotype when antibiotic therapy is interrupted. This reversion in 

phenotype may lead to the observation of mixtures of SCVs and normally growing bacteria, 

which makes the isolation of SCVs difficult and therefore, explains why these organisms are 

often underdiagnosed.   

 

Secondly, SCVs are characterized by an increased ability to survive within eukaryotic 

cells. Of particular importance, Vaudaux and colleagues have demonstrated that hemB 

mutants are associated with an enhanced surface expression of fibronectin-binding proteins 

compared to its isogenic parent265, which may explain why SCVs mutants are often more 

internalized within cells (Nguyen et al, unpublished data). An additional key property of 

SCVs is their decreased overall metabolism and their reduced production of cytotoxins (such 

as the alpha-haemolysin), which may explain why eukaryotic cells are largely unaffected by 

these enzymes.  

 

Finally, in vitro and in vivo studies have documented that exposure to different 

classes of antibiotics frequently contributes to the selections of SCVs. Because of their 

reduced growth rate and their defects in metabolic processes, SCVs are commonly 

associated with an increased resistance to cell-wall active agents (such as β-lactams), 

aminoglycosides or trimethoprim-sulfamethoxazole. The reduction of susceptibility to 

aminoglycosides is caused by a decrease in membrane potential, which reduced 

consequently the uptake of these agents within the bacteria. Clinically, gentamicin seems to 

promote the selection of SCVs, since electron transport-defective SCVs were frequently 

isolated in orthopaedic patients treated with gentamicin-containing beads.199 In another 

clinically relevant situations, thymidine-dependent SCVs mutants were observed in patients 

suffering of cystic fibrosis or pneumocystosis and receiving a long-term trimethoprim-

sulfamethoxazole therapy.37,272  

 

3. Clinical relevance of S. aureus intracellular forms 
If the ability of Staphylococcus aureus to persist in various in vitro models is widely 

established, the capacity of this pathogen to escape from host-cell defences and persist in 

vivo intracellularly is still an ongoing debate.  

 

3.1. Recurent rhinosinusitis  
Clément and colleagues have recently reported that isolates of Staphylococcus aureus  

may reside in vivo in human nasal epithelial cells, which may probably be related to the 

initiation of recurrent sinusitis55. This in vivo intracellular persistence was further documented 

in the same population by Plouin-Gaudon and colleagues, and seemed to constitute a 
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significant risk factor for recurrent episodes of rhinosinusitis refractory to antimicrobials and 

surgical therapy.  

 

3.2. Bovine mastitis 
S. aureus is also one of the most common causes of bovine mastitis, which is a 

disease responsible for important economic losses in dairy production (see for review: 
34,124,197). In vitro studies have shown that S. aureus adheres to mammary epithelial cells and 

extracellular matrix components, and invades various mammary cell lines. Using the 

Fluorescence Activated Cell Sorting (FACS) procedure, Hébert and colleagues have also 

demonstrated that S. aureus are found both in macrophages and alveolar cells isolated from 

milk samples of infected cow.105 

 

3.3. Life-threatening infections  
Fully evidence of such intracellular reservoirs is still lacking for life-threatening 

cardiovascular infections, severe skin and soft-tissues infections, cystic fibrosis and 

osteomyelitis, probably because of technical difficulties in localizing the highly focalised 

S. aureus reservoirs. Understanding the in vivo invasive potential of S. aureus should, 

therefore, open up new avenues to control this pathogen in these diverse settings.  

 

3.3.1. Cardiovascular infections  
Endovascular S. aureus infections are among the most difficult to threat. At the end 

of 1920’s, Grant and colleagues have hypothesized that the development of infective 

endocarditis begins with the formation of non-bacterial thrombotic vegetations caused by 

congenital and rheumatic valvular heart disease.89 Then, during an episode of bacteraemia, 

S. aureus binds to these vegetations and multiply within their interstices. Various reports 

indicate, however, that 31 to 70 % of S. aureus endocarditis occurs in patients having no 

known pre-existing heart disease.122,243 The discovery that cultured endothelial cells 

phagocytize in vitro S. aureus have suggested that ingested bacteria play possibly a role in 

the initiation of infectious endocarditis and the persistence of septicaemia. Moreover, 

experimental data show that adhesins (bacterial surface components), platelets, plasma 

proteins, endothelial cells, and sub-endothelial tissue components are involved in the 

infection of the vessel wall (see for review: 236). These findings support the concept that the 

intracellular life-style of S. aureus protects the bacteria from the lethal action of the immune 

host system and shelters it from the action of antibiotics.  
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3.3.2. Severe skin and soft-structures infections  
Colonization of human skin by S. aureus is a common feature of a variety of 

dermatologic diseases, which is often followed by tissue invasion and cell damages. It has 

been shown that S. aureus has ability to invade in vitro keratinocytes, leading to both 

necrotic and apoptotic damages (independently of the production of alpha- or beta-

haemolysins).152  

 
3.3.3. Pulmonary infections associated with cystic fibrosis 

Although the role of S. aureus in the progression of cystic fibrosis remains unknown, 

it has been reported that S. aureus may rapidly recolonized pulmonary tissues, soon after 

therapy. It has been suggested that S. aureus may persist within host cells of the lung140, 

which may possibly explain the propensity of recurrent S. aureus infections in patients 

suffering of cystic fibrosis.116  
 
3.3.4. Osteomyelitis  

S. aureus is the major etiological agent of human osteomyelitis (see for review: 71), 

which is characterized by a progressive inflammatory response resulting in extensive 

damages in bone tissues. In vitro studies have previously demonstrated the ability of this 

pathogen to persist and multiply inside cultured osteoblasts.114,249 S. aureus invasion of 

osteoblasts is associated with the secretion of interleukin (IL)-6, IL-12, and colony-

stimulating factors (see for review:4) that can potentially exacerbate the inflammatory 

response observed in the setting of osteomyelitis. Additionaly, S. aureus induces the 

expression of tumor-necrosis factor (TNF)-related apoptosis inducing agent (TRAIL) by 

infected osteoblasts, while non-infected osteoblasts do not express this molecule. These 

results are particularly important, because induction of TRAIL in osteoblasts following 

bacterial infection could therefore exert a positive osteoclastogenic effect resulting in the 

increase of bone destruction.5,205 Finally, S. aureus inhibits bone-matrix synthesis, which is a 

characteristic commonly observed with osteomyelitis.  
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IV – OVERVIEW OF ANTI-STAPHYLOCOCCAL AGENTS  
 

The discovery of antibiotics and their introduction into medical practice was a 

revolution that has significantly improved human health. However, multi-drug resistant 

S. aureus has increased in scope in the succeeding years, with the prospect of untreatable 

S. aureus infections. To the present day, glycopeptides remain the gold standard therapy for 

the treatment of infections caused by β-lactam resistant S. aureus (Methicillin-Resistant 

S. aureus) (Table 4.1), often in combination with rifampicin, fusidic acid or gentamicin.  
 

Table 4.1. Antibiotics active against S. aureus. 
 

Pathogen Antibiotics 
MSSA β-lactams 
      Penicillins (dicloxacillin, flucloxacillin, amoxicillin/clavulanate,  

                       ticarcillin/clavulanate, piperacillin/clavulanate) 
     Cephalosporins (cephazolin, cephalexin)               

 Clindamycin 
 Co-trimoxazole (trimethoprim plus sulfamethoxazole) 
MRSA (if susceptible to the Glycopeptides (vancomycin, teicoplanin) 
following agents) Rifampicin 
 Fusidic acid 
 Fluoroquinolones (moxifloxacin, gatifloxacin) 
 Last-line agents (linezolid, quinupristin-dalfopristin) 

 

1. Cell-wall inhibitors  
 

Table 4.2. List of the anti-staphylococcal agents that target the bacterial envelope 
Target Pharmacochemical 

class 
Static or cidal 

Effect 
Bacterial target 

Cell-wall β-lactams Cidal Penicillin-binding proteins 
 Glycopeptides Cidal High affinity binding to the D-Ala-D-Ala 

C-terminus of the pentapeptide, 
blocking the addition of late 
precursors to the nascent 
peptidoglycan chain 

 Lipopeptides Cidal Binding of daptomycin to bacterial 
membrane components leads to the 
loss of membrane potential 

 Ceragenins 
(Cationic Steroid 

Antibiotics) 

Cidal Targeting of the membrane by 
ceragenins leads to the loss of 
membrane potential, permeabilizing 
efficiently the bacterial membrane 

 

1.1. β-lactams antibiotics 
Since 1928, when Alexander Fleming first noted the inhibition of Staphylococcus from 

a mold belonging to the genus Penicillium, β-lactams antibiotics have led the fight against 

bacterial infections. All of these drugs share a common structure and mechanism of action, 

but have evolved into four various classes with differing spectrum of antibacterial activity. 

They include penicillins (penicillin G, methicillin, oxacillin,…), cephalosporins (cephalexin, 
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cefuroxime, …), carbapenems (imipemen, meropenem,…), and the monobactam 

aztreonam.  

 
1.1.1. Mode of action  

β-lactams, an integral part of the armamentarium against S. aureus infections, 

achieve their antimicrobial effect by inhibiting enzymes responsible for catalysing vital stages 

of cell-wall biosynthesis (Table 4.2, Fig.4.1).110 The understanding of their mechanism of 

action was therefore considerably advanced by the discovery of penicillins-binding proteins 

(PBPs with transpeptidase activities), which are membrane-bound enzymes involved in 

linking pentapeptide to the growing linear peptidoglycan (Fig.4.1).39  

 

CYTOSOL MEMBRANE CELL-WALL

UDP UDP

UDPL-Ala-

UDPD-Glu-L-Ala-

UDPL-Lys-D-Glu-L-Ala-

NH2

L-ala

D-ala

D-ala-D-ala

racémase

ligase

D-ala-D-ala-L-Lys-D-Glu-L-Ala- UDP

NH2

D-ala-D-ala-L-Lys-D-Glu-L-Ala-

NH2

D-ala-D-ala-L-Lys-D-Glu-L-Ala-

NH2

N-acetyl-glucosamine

N-acetylmuramic acid

Undecaprenyl lipid
carrier

-L-ala-D-Glu-L-lys-D-ala-D-ala

NH2

transglycosidase

-L-ala-D-Glu-L-lys-D-ala-D-ala
NH2

-L-ala-D-Glu-L-lys-D-ala-D-ala
NH2

transpeptidase

-L-ala-D-Glu-L-lys-D-ala-D-ala

NH
-L-ala-D-Glu-L-lys-D-ala

Glycopeptides

β-lactams

 
Fig.4.1. Mode of action of cell-wall active agents. Peptidoglycan units are formed in the cytosol of 
the bacteria, by binding of a short peptide to uridine diphosphate (UDP)-N-acetylmuramic acid. Before 
crossing the bacterial membrane, the peptidoglycan precursor is attached to a lipid carrier, followed 
by the binding to the N-acetylglucosamine. At the cell surface, peptidoglycan units are reticulated by 
the action of transglycosylases (catalysing the polymerisation between sugars) and of 
transpeptidases (catalysing the polymerisation between peptidic residues). (Adapted from Van 
Bambeke et al, Infectious Diseases, 1999). 

 

Considering the Tipper-Strominger hypothesis239 which emphasizes a structural 

similarity between β-lactams and the acyl-D-alanyl-D-alanine terminus of nascent 
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peptidoglycan strands, such inhibition is the direct result of the covalent binding of the 

antibiotic to one or more PBPs (which are listed in Table 4.3).  

 

TABLE 4.3. Properties of penicillin-binding proteins of Staphylococcus aureus 
Protein 
no. 

Molecular mass  
(kilodaltons)50 

Enzyme activities Function or mechanism of resistance 

1 85 Transpeptidase Cell division (septation)191 
2 81 Transpeptidase  

Transglycosylase 
Cell division and β-lactam resistance195,196 

2a (or 2’) 78 Transpeptidase Protein from extraspecies origin conferring  
β-lactam resistance 50,104 

3 75 Transpeptidase Unknown  
4 45 “Secondary” 

Transpeptidase 
Secondary cross-linking 136; presumed 

participation in the process of Vancomycin-
intermediate resistance 74,283 

 

In addition, S. aureus produces also several hydrolases that specifically cleave 

various covalent bonds of the peptidoglycan. Despite the fact that the physiological functions 

of these enzymes remain largely unknown, it has been proposed that they play a key role in 

a variety of cell processes, including cell-lysis induced by β-lactams.10,135  

 

1.1.2. Resistance to β-lactams antibiotics 

1.1.2.1. β-lactamases-mediated resistance to β-lactam antibiotics 
The introduction of penicillin in the early 1940s has dramatically improved the 

prognosis of patients with staphylococcal infections. However, as early as 1942, penicillin 

resistant S. aureus were first described, firstly in hospitals and subsequently in the 

community.141 Penicillin destruction by bacterial β-lactamases is now one of the most 

widespread and serious forms of microbial resistance, with more than 90 percent of the 

isolates producing this enzyme, regardless of the clinical setting.141  

 

Staphylococcal resistance to penicillin is mediated by the blaZ gene that codes for 

an extracellular penicillinase hydrolysing the β-lactam ring of penicillinase-susceptible β-

lactams (penicillin, ampicillin, …). The expression of penicillinase in staphylococci is often 

inducible, owing to the presence of blaZ regulatory sequences, termed as (i) blaI, a gene 

coding for the protein BlaI that acts as a repressor of blaZ transcription, (ii) blaR1, a gene 

coding for the protein BlaR1 that acts as a signal transducer in the presence of β-lactams 

(by its potent anti-repressor effect on BlaI) (Fig.4.2). 91,94 
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Fig.4.2. Induction of staphylococcal β-lactamase synthesis in the presence of penicillin. In the 
absence of β-lactam antibiotics, β-lactamase is expressed only at low levels. However, binding of 
penicillins to the transmembrane sensor-transducer BlaR1 stimulates BlaR1 autolytic activation, 
resulting in the cleavage of BlaI into inactive fragments and allowing the transcription of both blaZ and 
blaR1-blaI. (Lowy et al, 2003141).  
 
1.1.2.2. Methicillin-Resistant Staphylococcus aureus (MRSA) 

By 1960, many hospitals had outbreaks of virulent β-lactamase producing 

S. aureus. They were overcome with penicillinase-stable penicillins (such as methicillin or 

oxacillin) but the victory was only brief. In 1961, strains of Methicillin-Resistant 

Staphylococcus aureus (MRSA) were recognized. To the present day, MRSA isolates are 

found worldwide, and most are drug multi-resistant.11   

 

1.1.2.2.1. Epidemiology of Methicillin resistance 
MRSA has historically been considered as a problem within the hospital setting. 

However, a dramatic increase in the prevalence of MRSA infections has been noticed in 

recent years from nursing home facilities, as well as the community and the animals.   

 
1.1.2.2.1.1. Hospital-acquired MRSA 

The past decade has witnessed an alarming increase in the prevalence of 

methicillin-resistance worldwide. MRSA has become a major infection control problem in 

hospitals, mainly associated with intra- and inter-hospital dissemination of particular 

epidemic clone lineages of the S. aureus population. The Surveillance Network-USA, an 
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electronic surveillance system reporting resistance trends, shows that MRSA is prevalent in 

all regions of United States and implicated relatively frequently in hospital outbreaks. In 

Europe, the prevalence of MRSA infections (Fig.4.3) varies significantly among countries, 

with still lower MRSA infections in the northern European countries (0.6 % in Scandinavian 

countries, 1 % in the Netherlands) which has been attributed to the national “search and 

destroy” policy, which demands isolation and screening of patients at risk (Table 4.4) for 

MRSA carriage on admission to health-care facilities.266  
 

 
Fig.4.3. Prevalence of invasive isolates of MRSA in 2006 (European Antimicrobial Resistance 
Surveillance System; Annual Report 2006; http://www.rivm.nl/earss/).   
 

Table 4.4. Risks factors associated with MRSA colonization and infections (adaptated 
from Segal-Maurer et al, 1996222; Bradley S.F., 199744).   
 

Risks factors associated with :  
Hospital-acquired infections 

Advanced age 
Presence and size of wounds 
Chronic underlying disease 
Presence of invasive indwelling devices (including endotracheal tube) 
Previous hospitalization or increased length of stay in hospitals 
Long-term stay in an intensive care unit  
Exposure to a colonized or infected patient. 
Prior and prolonged antibiotic exposure 
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1.1.2.2.1.2. Nursing homes-acquired MRSA 
Formerly confined to hospitals, MRSA has been isolated with increasingly 

frequency from nursing home patients (See for review: 44,56,164). In the facilities studied, most 

nursing home residents acquire MRSA during a hospital stay and remain persistently 

colonized for months to years. Fortunately, although MRSA colonization is relatively 

common, rates of MRSA infection and attributable mortality appear to be low.  

 

Moving now to the Belgian situation ([Dr B. Jans, national report from the 

National Surveillance of Health-care associated Infections), it has been shown that the 

overall prevalence of MRSA positive patients has dramatically increased from 1999 to 2005 

(~ 5 % vs. ~ 18.9 %).  

 

1.1.2.2.1.3. Community-acquired MRSA  
Of particular concern, MRSA has now migrated into the community (see for 

review:11,57,67,72,84,176). The occurrence of truly community-acquired MRSA infections in 

otherwise healthy individuals without risks factors is increasing in many areas, particularly in 

the paediatric population.166 Community-associated strains share some characteristics with 

hospital-acquired S. aureus, but also differ by the lack of traditional risks factors associated 

with health-care infections (Table 4.4), their intrinsic virulence (related to the production of 

PVL, a necrotizing leukocidin commonly associated with community-acquired staphylococcal 

skin infection and necrotizing pneumonia264) and their susceptibilities to antibiotics 

(resistance to only a fewer classes of antibiotics).  

 
1.1.2.2.1.4. Animal MRSA  

Recent reports have documented MRSA infections in animals such as 

horses, pets, dairy cows and pigs.59,262,280 Of particular concern, MRSA strains of animal 

origin has been recently reported in pigs and pigs farmers from the Netherlands262 and 

Belgium (report of the Centre Belge d’Information Pharmacologique [CBIP, www.cbip-

vet.be]), suggesting the transmission of MRSA between animals and humans. Subsequent 

screening revealed that more than 20 % of pigs farmers and 39 % of slaughterhouse pigs 

were MRSA positive. More importantly, these isolates are unusual, because they could not 

be typed by pulsed-field gel electrophoresis (unknown change in the methylation system). All 

isolates belong also to the sequence type (ST) 398, which is a hitherto unusual type in 

humans.  
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The process by which these strains emerged in the animal population and 

subsequently in humans is unclear. Additional insight is needed into the transmission routes 

between animals and their carers, in order to find ways to control their transmission. 

Therefore, a concerted effort on the part of clinicians, infection control practitioners and 

veterinarians is urgently required to prevent further spread of these novel MRSA isolates.  

 

1.1.2.2.2. Genetic basis of the methicillin resistance  
1.1.2.2.2.1. mecA gene 

The central genetic component of methicillin resistance, referred to the mecA 

gene in the literature, is not native to the S. aureus genome. This gene encodes for a 78-

kDa Penicillin-Binding Protein (PBP) 2a (also referred to PBP2’) which has unusually low-

affinity for all β-lactam antibiotics conferring resistance to the entire family of β-lactams.  

 

β-lactam -

β-lactam +

TPase

PBP2

TGase

Glycan (disacharride unit)

PBP2a - TPase

Pentapeptide and cross-
bridge
β-lactam
Transpeptidation
Transglycosylation

?

TPase

PBP2

TGase
PBP2a - TPase

 
Fig.4.4. Cooperative functioning between the transpeptidase domain of PBP2a and the 
transglycosylase domain of PBP2 in MRSA. In the absence of antibiotics, it is assumed that both 
the transpeptidase and transglycosylase domains of PBP2 participate in the cell-wall biosynthesis of 
Staphylococcus aureus (the participation of the transpeptidase domain of PBP2a remains, however, 
elusive until now). Conversely, exposition of MRSA to β-lactams leads to the acylation of the 
transpeptidase domain of PBP2, which is no longer capable of performing its function of peptide 
cross-linking. However, it is assumed that the penicillin-insensitive transglycosylase domain of PBP2 
remains active and cooperates with the transpeptidase activity of PBP2a for an effective cell-wall 
synthesis and bacterial growth of the organism in the presence of β-lactams. (Adapted from Pinho et 
al, 2001195).    
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Based on homologies with PBPs, PBP2a was suggested to have a 

transpeptidase activity.238 In the current model of methicillin resistance, it was suggested that 

this low-affinity protein substitute to the function of native PBPs (PBP1, 2, 3 and 4) when 

these latter are acylated and rapidly inactivated by β-lactams (allowing the bacteria to 

accomplish vital functions). However, observations made recently by Pinho and colleagues 

strongly suggest that this current model needs to be completed. Firstly, they showed that 

transposon inactivation of PBP2 in the highly Methicillin-Resistant S. aureus COL cause a 

massive reduction of minimal inhibitory concentrations (MICs) of methicillin (800 vs 12 

mg/L), suggesting that PBP2 is critical for the complete expression of methicillin resistance. 

Secondly, they found that the acquired PBP2a acts together with the native PBP2 to mediate 

oxacillin resistance by contributing complementary transpeptidase and transglycosylase 

activities, respectively (Fig.4.4).195  

 

1.1.2.2.2.2. The Staphylococcal Cassette Chromosome mec (SCCmec) 
The 2.1-kb mecA gene is located on a mobile genetic element, designated as 

the Staphylococcal Cassette Chromosome mec (SCCmec). Currently, five main SCCmec 

subtypes (types I to V) have been distinguished, ranging in size from 20.9 to 66.9 kb101. 

Sccmec types I (34.3 kb), IV (20.9 to 24.3 kb) and V (28 kb) encode exclusively resistance to 

β-lactam antibiotics. In contrast, SCCmec types II (53.0 kb) and III (66.9 kb) contain 

additional drug resistance genes on integrated plasmids (pUB110, kanamycin resistance; 

pI258, penicillins and heavy metals resistance; and pT181, tetracycline resistance) or  

transposon (Tn554, carrying the ermA gene, which is responsible for inducible macrolide, 

lincosamide and streptogramin resistance). Moreover, while hospital-acquired MRSA (HA-

MRSA) typically have SCCmec subtypes I to III and rarely carry the gene for Panton-

Valentin Leukocidin (PVL), types IV and V are largely associated with community-acquired 

MRSA (CA-MRSA) isolates and at least type IV frequently carries PVL gene.60    

 

1.1.2.2.2.3. Regulatory elements of mecA  
In addition to mecA, the staphylococcal SCCmec include also the divergently 

transcribed regulatory elements mecR1-mecI.107 MecR1 has sequence homology to the 

staphylococcal penicillin sensory-transducer BlaR1 and acts as a signal transducer in the β-

lactam induction of mecA by its anti-repressor activity. MecI acts as a repressor of mecA 

transcription and shares homology with the β-lactamase repressor BlaI. Thus, in the 

absence of induction via MecR1 by a β-lactam antibiotic, mecA transcription is tightly 

repressed by mecI. Additionally, on the basis of the similarities between mecA and blaZ 

regulatory sequences, it is reasonable to assume that each regulon may modulate the 
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transcriptional expression of mecA. Firstly, previous studies have provided some evidences 

that mecA transcription and PBP2a production can be affected by BlaI. Secondly, Hackbarth 

and colleagues have also reported that PBP2a production was converted from unregulated 

and constitutive to inducibly repressed by the introduction of a plasmid containing blaR1 and 

blaI.94 In this context, the transcription of mecA gene is under a dual control and its 

regulation seems to depend on the cross-talk between inducers and signal transmission to 

the repressors.32,91,208 Of particular interest also, all mecA clones are not resistant to β-

lactams, suggesting that the overall resistance levels depend on the efficient production of 

PBP2a. This explains therefore why MRSA resistance levels range from phenotypically 

susceptible to highly resistant strains.33 

 
1.1.2.2.3. Biochemical basis of the methicillin resistance 
1.1.2.2.3.1. Overall structure of PBP2a 

 
Fig.4.5. Structure of S. aureus PBP2a (Lim and Strynadka, 2002138) 
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To the present day, many reviews have described the precise role that 

PBP2a confers to MRSA to circumvent the antibacterial effect of β-lactams. 11,13,82,138,141 

Using soluble derivatives of this protein81,144,246,284, it has been shown that PBP2a (overall 

dimension: ~ 130 x 60 x 58 Å) consists of (i) a N-terminal extension, (ii) a centralized, bilobal 

non penicillin-binding (nPB) domain of unknown function, and (iii) a C-terminal 

transpeptidase domain (Fig.4.5) that contain the active-site serine (Ser-403). Of particular 

interest, the transpeptidase domain of PBP2a shares a similar overall folding pattern with 

other transpeptidases and serine β-lactamases149,179. Nonetheless, structure-based 

alignments of the PBP2a transpeptidase domain have revealed low sequence identities (~ 

10 – 20 %) and significant structural modifications from other β-lactam sensitive PBPs (see 

for review 138). The prominent difference is the active site motif of the nucleophilic serine 

(Ser403-Thr-Gln-Lys406) that is located on an α-helix sequestered within an extended narrow 

groove. Unlike typical PBPs, the groove impairs the accessibility of the active site serine to 

approaching β-lactams (closed conformation). 

 

1.1.2.2.3.2. Kinetic properties of PBP2a 
The kinetic mechanism of PBP2a is described by the same three-step 

pathway that characterizes the others PBPs (See equation 4.1). The interaction of PBP2a 

with a β-lactam inhibitor begins with the rapid, reversible formation of a non-covalent 

Michaelis complex (described by the dissociation constant Kd), followed by the nucleophilic 

attack by the active-site serine Ser-403 on the β-lactam ring (to give a relatively stable 

covalent acyl-enzyme complex; described by the rate constant k2) and, finally, by the 

hydrolytic deacylation step (described by the rate constant k3) releasing the inactivated β-

lactam and regenerating the active enzyme. 82,138 

 
                                 
                                             Kd                    k2                     k3 

E + I                      EI                      E-I                       E+P 
 

Equation 4.1.  Kinetic scheme for the interactions of PBP2a with a β-lactam agent.  
Abbrev. : E, Enzyme ; EI, non-covalent pre-acylation complex; E-I, covalent acyl-enzyme complex; P, 
product of hydrolysis; Kd, dissociation constant Kd; k2, acylation rate constants ; k3, deacylation rate 
constants.    
 

Comparison of the kinetic parameters of PBP2a with β-lactam sensitive-PBP 

(R6 PBP2x) showed that β-lactam resistance is primarily due to the inefficient formation of 

the acyl-enzyme intermediate (slow k2) and does not result from a more rapid breakdown of 

the acyl-PBP intermediate (unchanged k3).143,144 Recent investigations (using cephalosporins 
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[nitrocefin, cefepime and ceftazidime], penicillins [ampicillin and oxacillin] and carbapenem 

[imipenem])81 have reported that manifestation of resistance is also associated to a lower 

affinity of PBP2a for conventional β-lactams (Kd effect). In this context, improving k2 and Kd 

is an effective strategy to obtain more potent anti-MRSA agent.  

 

1.1.2.2.4. Factors affecting methicillin resistance 
Numerous genes influencing methicillin-resistance phenotype have been 

identified. Transposon insertional mutagenesis producing susceptible mutants from MRSA 

strains has led to the identification of chromosomal genes, physically distinct from mec, that 

are necessary for the full expression of resistance. In 1983, the concept of fem factors 

(factors essential for methicillin resistance) was introduced by Bercher-Bächi and 

collegues.31 Until now, the experimental screening for loss of methicillin resistance has led to 

the discovery of more than 20 genes, most of them being involved in cell-wall biosynthesis 

and turnover.  
 

Additionally, external factors may also modify significantly methicillin resistance. 

The addition of NaCl or sucrose to the culture medium, or incubation at 30°C, enhances the 

expression of methicillin resistance while this latter is suppressed by incubation at 43°C or 

exposition at pH 5.2 (Table 4.5)50.  

 

TABLE 4.5. Effect of external factors on the level of methicillin resistance 
Effect on methicillin 
resistance 

External factors Ref.  

high salt concentration 209 
Incubation at 30°C 9 

Enhancement of methicillin 
resistance 

Passage in culture medium containing β-lactam 
antibiotics 

 

Incubation at 43°C 9 Decrease of methicillin 
resistance Low pH (pH 5.2) 210 
 
1.2. Glycopeptides antibiotics 

Since the emergence of MRSA strains in 1961, options for the treatment of S. aureus 

infections have been significantly limited. Efficacy of vancomycin, considered for many years 

as the last resort agent for such infections, is associated with several limitations, including 

relatively slow bactericidal effects, fluctuating MICs, poor pharmacokinetic properties, 

potential for serious toxicity and finally, the development of resistance and associated 

therapeutic failures.137 Because vancomycin remains the cornerstone of treatment for all 

MRSA infections, the Center for Disease Control (CDC) has published guidelines (focusing 

on the judicious use of vancomycin, the use of effective laboratory screening methods, and 
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the acquisition of investigational antimicrobial drugs when clinically appropriate) regarding 

the prevention and control of the infections caused by vancomycin-resistant S. aureus. 

 
1.2.1. Mode of action 

Glycopeptides owes their antibacterial activity to interference with peptidoglycan 

biosynthesis. The antibacterial action of glycopeptides depends on their ability to bind with 

high affinity to the D-Ala-D-Ala C-terminus of the pentapeptide, blocking therefore the 

addition of late precursors by transglycosylation to the nascent peptidoglycan chain and 

preventing subsequent cross-linking by transpeptidation (Fig.4.1). Because β-lactams inhibit 

cell-wall biosynthesis in the later phase of peptidoglycan synthesis, there is no cross-

resistance and no competition for binding sites between these agents.  
 

1.2.2. Glycopeptides-resistant Staphylococcus aureus  
The Antimicrobial Susceptibility Testing (AST) subcommittees of the Clinical and 

Laboratory Standards Institute (CLSI; formerly the NCCLS) defines Staphylocci requiring 

concentration of vancomycin of ≤ 2 mg/L for growth inhibition as “susceptible”, those 

requiring 4-8 mg/L as “intermediate”, and those requiring concentrations of vancomycin ≥ 16 

mg/L as “resistant”. 242  

 

1.2.2.1. Vancomycin-intermediate S. aureus (VISA) 
MRSA isolates with reduced susceptibility to vancomycin have emerged since 

1996 in patients receiving prolonged courses of vancomycin therapy. 12,14,194 The VISA 

phenotype is somewhat unique because it appears to be the results of global metabolic 

changes affecting overall structure, cell-wall synthesis and autolysis.203,231 The strains are 

notable for their additional quantities of synthesized peptidoglycan that confer irregularly 

shaped, thickened cell-wall (Fig.4.6), which presumably bind vancomycin extracellularly 

before reaching their targets at the cytoplasmic membrane.97 HPLC provides further proof of 

this novel resistance mechanism by showing that large quantities of vancomycin become 

trapped in the abnormal peptidoglycan.230 The molecular mechanism underlying these 

alterations in peptidoglycan biosynthesis remains, however, elusive.   
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crosslinked peptidoglycan

Cell
membrane

Cell-wall

Free access of the antibiotics to the 
cell-wall synthesis sites

Reduced access of the antibiotics to the 
cell-wall synthesis sites

Effective inhibition of cell-wall synthesis Impaired inhibition of cell-wall synthesis

X

 
Fig.4.6. Mechanism of Vancomycin Intermediate resistance in Staphylococcus aureus. 
(Adapted from Lowy et al, 2003141).  

 

Additionaly, as initially described by Jevitt et al, VISA isolates has also been 

associated with reduced susceptibility to daptomycin.58 In this context, it is conceivable that 

the changes mediated in the cell-wall of the VISA strains may also prevent the access of 

daptomycin to its target. 

 

1.2.2.2. Vancomycin-resistant S. aureus (VRSA) 
Vancomycin resistance was first reported for enterococci in 1988 and the first 

vanA-carrying MRSA was isolated fourteen years later from a dialysis patient in Michigan 

(MIC, 1,024 mg/L). Since 2002, six VRSA strains have been isolated in the United States 

but, as far as we know, have not been reported elsewhere, except from India.244 This second 

form of vancomycin resistance has resulted from the probable conjugal transfer of the vanA 

gene cluster from a vancomycin-resistant Enterococcus faecalis.229 This operon encodes a 

dehydrogenase (VanH), which reduces pyruvate to D-Lac, and the Van-A ligase, which 

catalyzes the formation of an ester bond between D-Ala and D-Lac. The resulting D-Ala-D-

Lac depsipeptide replaces the D-Ala-D-Ala dipeptide in peptidoglycan synthesis, decreasing 
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therefore markedly the affinity for glycopeptides. Synthesis of D-Ala-D-Lac occurs only with 

exposure to low concentrations of vancomycin. 87 
 
2. Inhibitors of nucleic acid synthesis 
Table 4.6. List of anti-staphylococcal agents that target the synthesis of nucleic acid 
Target Pharmacochemical 

class 
Static or cidal 

effect 
Bacterial target 

Quinolones Cidal Bacterial DNA gyrase and/or 
topoisomerase IV 

Ansamycins Cidal Bacterial RNA polymerase 
Didrofolate reductase 

inhibitors  
(trimethoprim, 

iclaprim) 

Static Bacterial dihydrofolate reductase 

DNA 
synthesis  

Dihydropteroate 
synthase inhibitors 

(sulfonamides) 

Static Bacterial dihydropteroate synthase 

 

2.1. Quinolones  
Quinolones have been broadly used for the treatment of many infections due to their 

excellent pharmacokinetic profiles, high antimicrobial activities and low incidence of side-

effects.  Currently, fluoroquinolones are known to form ternary complexes in bacterial cells 

with (i) DNA gyrase, an enzyme introducing negative super-helical twists into DNA, and/or 

(ii) topoisomerase IV, an enzyme enable the separation of interlinked daughter 

chromosomes (Table 4.6). In this context, inhibition of these enzymes by fluoroquinolones 

result in bacterial cell death.109  

 

Quinolone resistance among S. aureus (Table 4.8) has emerged quickly, more 

prominently among methicillin-resistant S. aureus strains. Resistance to quinolones results 

from (i) stepwise acquisition of chromosomal mutations occurring in the target of antibiotics, 

or by (ii) the introduction of multi-drug efflux transporters (NorA). In Staphylococcus aureus, 

increased expression of this transporter is associated with low-level resistance to hydrophilic 

quinolones (including ciprofloxacin, norfloxacin, …).113,167,286  

 

2.2. Ansamycins  
The biological action of ansamycins (e.g. rifampicin) relies on the potent inhibition of 

DNA-dependent RNA polymerase at the β-subunit (Table 4.6). Clinical resistance (Table 4.8) 

occurs rapidly under monotherapy and is associated with gene mutations altering the RNA 

polymerase β-subunit (rpoB). These mutations may occur at different sites in the RNA 

polymerase and lead to various degree of resistance to rifampicin.278,279  

 

 
40 



INTRODUCTION 
                     

2.3. Inhibitors of the dihydrofolate reductase and the dyhydropteroate 
synthetase 
Trimethoprim is a bacteriostatic antibiotic belonging to the class of dihydrofolate 

reductase inhibitors. By interfering with bacterial dihydrofolate reductase, this agent inhibits 

the synthesis of tetrahydrofolic acid, an essential precursor of de novo synthesis of DNA 

nucleotide thymidine (Table 4.6). Trimethoprim is commonly used in combination with 

sulfamethoxazole, a sulfonamide antibiotic, which inhibits an earlier step in the folate 

synthesis pathway. Clinical resistance (Table 4.8) to these agents results from structural 

change in dihydrofolate reductase or dydropteroate synthetase producing enzymes with 

lowered affinity for theses antibiotics.    
 

3. Inhibitors of the protein synthesis  
 

Table 4.7. List of anti-staphylococcal agent that target the synthesis of proteins 
Target Pharmacochemical 

class 
Static or cidal 

effect 
Bacterial target 

Aminoglycosides Cidal 30S ribosomal subunit 
Macrolides Static 50S ribosomal subunit 

Lincosamides Static 50S ribosomal subunit 
Chloramphenicol Static 50S ribosomal subunit 

Tetracyclines Static 30S ribosomal subunit 
Streptogramins Static alone;  

cidal effect by combination 
50S ribosomal subunit 

Fusidic acid Static  Bacterial ribosomal translocase, 
termed as Elongation factor G 
(EF-G) 

Glycylcyclines Static 30S ribosomal subunit 

Protein 
synthesis 

Oxazolidinones Static 50S ribosomal subunit 
 
3.1. Aminoglycosides 

Since 1940s, aminoglycosides have been an important part of the antibacterial drug 

arsenal. Their mechanism of action relies on efficient uptake process, and is dependent of 

the electrochemical gradient. In this context, transport of aminoglycoside across the bacterial 

membrane is considerably reduced in anaerobic environments, or during growth in high-

osmolar culture media or low external pH.150 Moreover, since these agents are polycationic, 

they show high binding affinity for the bacterial ribosome, allowing therefore the inhibition of 

protein synthesis (Table 4.7).98,130 Clinical resistance to aminoglycosides (Table 4.8) results 

from (i) alteration in aminoglycosides uptake (i.e. SCVs variants)271 or (ii) synthesis of 

modifying enzymes impairing the activity of these antimicrobial agents.  
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3.2. Tetracyclines  
Tetracyclines are a family of antibiotics that appear to enter bacteria by an energy-

dependent process. Once within the bacteria, these agents inhibit protein synthesis (Table 

4.7) by preventing the attachment of aminoacyl-tRNA to the bacterial ribosome. Tetracycline 

resistance (Table 4.8) has quickly emerged due to the acquisition of tet genes coding for 

efflux transporters (tetK, tetL) or proteins altering ribosomal conformation (tetM, tetO).54,182,247    
 
3.3. Chloramphenicol 

Chloramphenicol appears to enter bacteria by an energy-dependent process. Once 

within the bacteria, the biological action of this agent relies on the inhibition of protein 

synthesis by reversibly binding to the 50S subunit of the ribosome (Table 4.7). Clinical 

resistance (Table 4.8) results from the acquisition of a chloramphenicol acetyltransferase 

(CAT) that acetylates the antibiotic to an inactive diacetyl derivative.46   

 

3.4. Macrolides  
Macrolides (e.g. erythromycin, azithromycin) inhibit RNA-dependent protein synthesis 

due to their affinity to the 50S ribosomal subunit (Table 4.7). Resistance to macrolides 

(Table 4.8) may result from a number of causes:  

 

- Alterations of the 50S ribosomal subunit by methylation (MLSB phenotype; 

resistance to all macrolides and cross-resistance to Lincosamides [lincomycin 

and clindamycin] and type-B Streptogramins)65   

- Ribosomal mutations (L4 or L22 ribosomal protein)200,201  

- Enzymatic inactivation of erythromycin and some others 14- and 15- membered 

ring macrolides (azithromycin) by staphylococcal esterases (ereA or ereB);281 

- Active efflux transporters (msrA and msrB genes).281 

 

3.5. Lincosamides  
Lincosamide agents (e.g. lincomycin and clindamycin) inhibit protein synthesis (Table 

4.7) in the early chain elongation by interference with the transpeptidation reaction. Clinical 

resistance to lincosamides results from the alteration in the 50S ribosomal subunit by 

methylation (MLSB phenotype; Table 4.8).  

 

3.6. Fusidic acid 
Fusidic acid belongs to a group of antibiotics which inhibit the growth of Gram-

positive bacteria, specifically by preventing the effective translocation of the elongation factor 

 
42 



INTRODUCTION 
                     

G (EF-G) from the ribosome (Table 4.7). This agent proves active against S. aureus, 

including isolates that are methicillin-resistant. Resistance to fusidic acid (Table 4.8) may 

occur through a variety of mechanisms, such as chromosomal mutations altering the target 

site.172  

 

4. Alternatives to vancomycin for the treatment of MRSA infections 
4.1. Antibiotics that target the cell-wall  

The bacterial membrane is an appealing target, given that most structural elements 

are conserved and resistance to membrane-damaging agents should require major 

structural changes which should be incompatible for bacterial survival.  

 
4.1.1. Lipopeptides 

Daptomycin, a cyclic lipopeptide discovered more than fifty years ago, possess 

bactericidal activity against MSSA and MRSA isolates. The mechanism(s) by which 

daptomycin kill S. aureus has not been certainly established, but it appears as through its 

target is the cytoplasmic membrane. Through previously published studies, it is understood 

that daptomycin initially attacks bacteria by inserting in a calcium-dependent manner its tail 

into the bacterial cell membrane. In this context, this agent rapidly dissipates the 

transmembrane electrical potential gradient (by triggering a dose-dependent efflux of 

potassium), which is essential for cell viability.99,120,234 Of particular interest, daptomycin is 

active at all growth phases, which may be particularly useful for the treatment of indolent, 

deep-seated infections (endocarditis, osteomyelitis) in which bacteria reached stationary 

phase.148  

 

Clinical development of daptomycin, which was stopped by its discoverers in the 

early nineties (because of unsuccessful phase II trial and muscular toxicity), was re-initiated 

in 1997. Owing to a better understanding of the pharmacodynamic property of this agent, it 

was shown that both safety and efficacy could be improved by once-daily administration. 

Daptomycin is now approved worldwide for the treatment of complicated skin and skin 

structures infections caused by susceptible S. aureus, as well as for S. aureus-induced 

bacteraemia and right-sided endocarditis in the United States.95 Of note, daptomycin should 

not be use in pneumonia, due to its inactivation by pulmonary surfactant (related to the 

insertion of daptomycin within surfactant aggregates).233 Conversely, novel investigational 

lipopeptides (MX-2401) show promising interest, offering over daptomycin the advantage of 

not being inactivated by pulmonary surfactant.        
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Resistance to daptomycin has already been described.30,119,147 Increasingly frequent 

reports of clinical failures (particularly in the settings of deep-seated infections) have 

documented a loss of daptomycin susceptibility for these difficult-to-threat isolates. Although 

genetic mutations has been discovered (such as in the mrpF gene, which encodes an 

lysylphosphatidylglycerol synthase involved in the biosynthesis of phosphatidylglycerol [see 

Table 4.8])79,119, Jones and colleagues have recently described that, compared to their 

parental (sensitive) clones, daptomycin-resistant S. aureus are associated with (i)  

membrane phospholipid asymmetry (increased translocation of the positively-charged 

phospholipid [LPG, lysine-phosphatidyl-glycerol] to the outer membrane leaflet) and (ii) 

alterations in surface charge (increased positive charge in the bacterial surface) and drug 

binding.118  

  

4.1.2. Ceragenins  
Ceragenins, synthetic cationic steroid molecules that mimic endogenous 

antimicrobial peptides, adopts an amphipathic structure in the presence of lipids.73 Owing to 

their potent ability to cause membrane depolarization and permeabilization62, these agents 

combine a series of advantage, namely (i) a potent in vitro activity against S. aureus, 

including resistant isolates (MRSA, VISA and VRSA isolates)53 ; (ii) an extensive bactericidal 

potency53, (iii) and a low propensity to select for resistance (see for review 260).  

 

Despite of these apparent advantages, the specificity of ceragenins towards bacteria 

seems suboptimal, since they were shown to mediate a fast and extensive membrane-

damaging effect in THP-1 macrophages (Lemaire et al, 46th Interscience Conference on 

Antimicrobial Agents and Chemotherapy, San Francisco, 2006, Poster A-0633). This 

extended cellular toxicity may severely limit their potential clinical use to topical indications.    

 
4.1.3. Novel β-lactams 

Within the class of β-lactams, ceftobiprole, ceftaroline and the carbapenem CS-

023/RO-4908463 are specifically designed to keep activity against MRSA as a result of their 

increased affinity for PBP2a, the penicillin-resistant target ofMRSA.1,45,117,170. Ceftobiprole 

(see for review : 45,169,180,181), the first broad spectrum cephalosporin to be assessed in late-

stage clinical trials, seems to be a promising agent because of (i) its low MIC values against 

S. aureus (including multi-resistant VRSA isolates); and (ii) its low potential to select for 

resistance in preclinical, multi-passage resistance selection studies.40  
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4.1.4. Novel anti-MRSA glycopeptides  
New glycopeptides have been designed to keep to keep activity against vancomycin-

resistant S. aureus. On the first hand, dalbavancin is a second-generation semi-synthetic 

lipoglycopeptide that inhibits cell-wall synthesis and has in vitro activity against MRSA. This 

new agent binds to the terminal D-alanyl-D-alanine moiety of peptidoglycan precursors, 

blocking therefore the final stages of peptidoglycan synthesis and cell-wall formation. Due to 

its unique once-weekly dosing (extended half-life, 6 to 10 days) and greater tissue 

penetration, dalbavancin may offer advantages in the treatment of MRSA infections, such as 

alleviating the need for the continued presence of indwelling catheters in patients.154,214  

 

On the second hand, telavancin and oritavancin are semi-synthetic glycopeptides 

with dual mechanism of action, including inhibition of cell-wall synthesis and membrane 

disruption.106,121 Their capacity to interact and to destabilize the bacterial membrane confers 

to these agents a highly bactericidal potential towards S. aureus, including multi-resistant 

strains. These investigational agents are currently under investigation for the treatment of 

skin and soft-structures infections (SSTIs), nosocomial pneumonia, and uncomplicated 

bacteriemia due to S. aureus. (see for review : 132,254,255,261,275).  

 

4.2. Antibiotic targeting the synthesis of nucleic acid 
4.2.1. Novel inhibitor of the dihydrofolate reductase 

The diaminopyrimidine iclaprim is a novel, selective inhibitor of the dihydrofolate 

reductase which has shown potent in vitro activity against resistant S. aureus (MRSA, VISA, 

VRSA, and macrolide-, quinolone-, and trimethoprim-resistant clones).  Promising results for 

the treatment of complicated skin and skin structures caused by MRSA isolates has been 

shown in clinical trials (phase II and III).129,220 
 
4.3. Antibiotics targeting the synthesis of protein 
4.3.1. Oxazolidinones 

Oxazolidinones are a novel class of synthetic antimicrobial agents discovered in 

1987. Linezolid, which is currently approved for the treatment of infections caused by 

S. aureus (complicated skin and soft-tissues infections, and nosocomial pneumonia), binds 

to the 23S ribosomal RNA (rRNA) of the 50S ribosomal subunit and blocks reversibly the 

formation of protein synthesis initiation complexes (Table 4.7).241 Binding is, however, 

competitively inhibited by chloramphenicol and lincomycin, which suggests either shared or 

overlapping binding sites.  
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Because this mechanism of action is thought to be different from all other class of 

antibiotics, linezolid has the same in vitro activity against many antibiotic-sensitive and 

antibiotic-resistant S. aureus (MRSA, VISA and VRSA isolates).20,43,99 Despite these 

apparent advantages, concerns about safety often limit its use (association of linezolid with 

serotonin toxicity and thrombocytopenia).35,178 Additionally, clinical resistance to linezolid 

(Table 4.8) has developed slowly and may result from (i) target site mutations (domain V of 

the 23S ribosomal RNA of the 50S ribosomal subunit)287 or (ii) ribosomal protection (cfr 

gene).245 

 
4.3.2. Glycylcyclines 

Compared to minocycline, tigecycline (a new agent that has been recently approved 

for the treatment of skin and soft-tissues infections due to MRSA, and complicated intra-

abdominal infections caused by MSSA clones) harbors a modified side-chain that (i) 

enhances its binding to the 30S ribosomal subunit, inhibiting therefore protein synthesis and 

bacterial growth (Table 4.7)173,192,206, and (ii) circumvents resistance mechanisms that plague 

conventional tetracyclines (Table 4.8).42 Its main property to overcome many common 

resistance mechanisms allows therefore the use of tigecycline for many serious and life-

threatening infections for which the use of other antibiotics is no longer appropriate.   

 
The in vitro selection of mutants with reduced susceptibility to tigecycline was 

evaluated by McAleese and colleagues over a period of 16 days. Transcriptional profiling 

revealed that tigecycline mutants exhibited over 100-fold increased expression of a gene 

cluster, mepRAB (multidrug export protein), encoding (i) a MarR-like transcriptional regulator 

(mepR), (ii) a novel MATE family efflux pump (mepA), and (iii) a hypothetical protein of 

unknown function (mepB).151 

 

4.3.3. Streptogramins 
Streptogramins, which were discovered in the 1960s, consists of mixtures of two 

structurally distinct cyclic peptide agents (pristinamycin IA and IIB in the case of quinupristin-

dalfpristin) that are separately bacteriostatic, but bactericidal in appropriate ratios. 

Quinupristin-dalfopristin owe its antibacterial activity by acting synergistically on the bacterial 

50S ribosomal subunit, which inhibit the synthesis of proteins (Table 4.7) in drug-resistant 

S. aureus, including MRSA, VISA and VRSA isolates.93,99 Clinical resistance (Table 4.8) has 

only developed at quite modest levels, through the following mechanisms: (i) plasmid-

mediated target modification (MLSB phenotype; resistance to quinupristin without affecting 

the susceptibility of dalfopristin); (ii) drug-modifying enzymes (vatA, vatB and vatC genes : 
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dalfopristin resistance; vgbA and vgbB genes : quinupristin resistance); or (iii) active efflux 

(mrsA and mrsB genes: quinupristin resistance; vgaA and vgaB genes: dalfopristin 

resistance).99  

 

The clinical utilization of quinupristin-dalfopristin, which has been approved for the 

treatment of S. aureus infections (complicated skin and skin-structures infections caused by 

MSSA), is often limited by its toxicity profile (peripheral venous intolerance, arthralgias and 

myalgias, increases levels in conjugated bilirubin, interactions with drugs metabolized by the 

cytochrome P450 3A4 isoenzyme or physico-chemical incompatibilities). Nevertheless, 

multiple studies have reported that the safety and tolerability of this combination of 

antibiotics are generally favorable, providing clear benefits to ill patients with severe, 

refractory infections caused by Gram-positive infections.6,207 
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TABLE 4.8. Resistance mechanisms 

Pharmacochemical  
class 

Mechanism Function Gene 

Drug 
inactivation 

Secretion of β-lactamases blaZ 

Acquired Penicillin Binding Protein (termed 
PBP2a) with reduced affinity for β-lactam agents mecA β-lactams Target 

modification 
Conventional PBPs with reduced β-lactam affinity Unknown 
Thickened cell-wall by secretion of additional 
peptidoglycan layers (Vancomycin-intermediate S. 
aureus [VISA]) 

Unknown 

Glycopeptides Target 
modification Acquisition of the vanA operon; synthesis of cell-

wall precursor ending with D-ala-D-lac 
depsipeptide rather than D-ala-D-ala 
(Vancomycin-resistant S. aureus [VRSA]) 

vanA 

Target 
modification 

Genes coding for subunits of DNA gyrase (gyrA or 
gyrB) or topoisomerase IV (grlA); Most common 
sites of mutations    

gyrA, 
gyrB, grlA 

Overexpression of the protein NorA by mutations 
in the transcriptional control region confers 
resistance to hydrophilic quinolones (norfloxacin, 
ciprofloxacin) and antiseptics 

norA 

Overexpression of norB confers resistance to 
hydrophilic quinolones, ethidium bromide and 
cetrimide 

norB 

Fluoroquinolones 

Efflux 

Overexpression of norC confers two-fold increase 
of MICs for ciprofloxacin, four-fold increase of 
MICs for moxifloxacin, norfloxacin and 
garenoxacin but no change for garenoxacin 

norC 

Ansamycins 
(rifampicin) 

Target 
modification 

Gene coding for RNA polymerase β-subunit; Most 
common sites of mutations resulting in reduced-
affinity RNA polymerase 

rpoB 

Trimethoprim Target 
modification 

Production of a dihydrofolate reductase that is 
resistant to binding by trimethoprim dhfr 

Sulfonamides Target 
modification 

Production of a dihydropteroate synthetase that is 
resistant to binding by sulfonamides dhps 

Protein (AAC[6’]-APH[2’’]) with acetyl-transferase 
activity in the amino-terminal domain and 
phosphotransferase activity in the carboxy-
terminal domain; Resistance to gentamycin, 
tobramycin and kanamycin  

aacA3-
aphD 

Protein (ANT[3’’][9]) with aminoglycoside 
adenylyl-transferase activity;  
Resistance to streptomycin and spectinomycin 

aadA 

Protein (ANT[6’]) with aminoglycoside 
adenylyltransferase activity;  
Resistance to streptomycin  

aadE 

Protein (ANT[4’][4’’]) with aminoglycoside 
adenylyl-transferase activity;  
Resistance to neomycin, kanamycin, 
paromomycin, tobramycin and amikacin 

aadD 

Protein (APH[3’]III) with aminoglycoside phospho-
transferase activity;  
Resistance to neomycin and kanamycin  

aphA 

Protein (APH[3’’]) with aminoglycoside 
phosphotransferase activity;  
Resistance to streptomycin 

aphC 

Aminoglycosides Drug 
inactivation 

Protein (ANT[4’]) with aminoglycoside 
nucleotidyltransferase activity;  aad 
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Resistance to amikacin, kanamycin and 
tobramycin 

Target 
modification 

Ribosomal protection; resistance to tetracycline 
and minocycline  tetM, tetO 

Decrease tetracycline accumulation within 
bacteria; Resistance to tetracycline tetK, tetL Tetracyclines 

Efflux Overexpression of tet38 confers resistance to 
tetracycline (but not to minocycline) tet38 

Glycylcycline Efflux 
Overexpression of mecpRAB gene cluster 
(encoding mepR, mepA and mepB) confers 
resistance to tigecycline 

mepRAB 

Chloramphenicol Drug 
inactivation 

Secretion of a specific protein with 
chloramphenicol acetyl-transferase activity 
(acetylation of the antibiotic to an inactive diacetyl 
derivative) 

cat 

Drug 
inactivation 

Enzymatic inactivation by esterases; Resistance 
to erythromycin, azithromycin and clarithromycin 

ereA, 
ereB 

Target 
modification 

Methylation of the 23S ribosomal RNA of the 50S 
ribosomal subunit;  
Cross-resistance to lincosamides and type-B 
streptogramins (MLSB) 

ermA, 
ermB Macrolides 

Efflux Resistance to macrolides and type-B 
streptogramins 

msrA, 
msrB 

Lincosamides Target 
modification 

Methylation of the 23S ribosomal RNA of the 50S 
ribosomal subunit;  
Cross-resistance to lincosamides and type-B 
streptogramins (MLSB) 

ermA, 
ermB 

Lyase-mediated hydrolysis of type-B 
streptogramins 

vgbA, 
vgbB Drug 

inactivation Acquired-protein with acetyl-transferase activity; 
Resistance to type-A streptogramins vat(A,B,C) 

Methylation of the 23S ribosomal RNA of the 50S 
ribosomal subunit;  
Cross-resistance to lincosamides and type-B 
streptogramins (MLSB) 

ermA, 
ermB Target 

modification 
Common site of mutations associated with 
resistance to quinupristin-dalfopristin L22 gene 

Active efflux transporters; Resistance to 
macrolides and type-B streptogramins 

msrA, 
msrB 

Streptogramins 

Efflux Active efflux transporters; Resistance to type-A 
streptogramins  

vgaA, 
vgaB 

Fusidic acid Target 
modification 

Gene coding for the prokaryotic ribosomal 
translocase termed as Elongation Factor G (EF-
G); most common sites of mutations 

fusA 

Gene encoding the central loop of domain V of 
the 23S ribosomal RNA; most common sites of 
mutations 

23S 
rRNA 

Oxazolidinones Target 
modification Gene coding a methyl-transferase protein; 

Methylation of an adenosine at position 2503 in 
the 23S ribosomal RNA lead to resistance to 
linezolid 

cfr 

Gene coding for a lysylphosphatidylglycerol 
synthetase; point mutations in mprF sequences is 
commonly associated with loss of daptomycin 
susceptibilities 

mprF 

Lipopeptides Target 
modification Gene coding for a histidine kinase; nucleotide 

insertion in yycG sequences is commonly 
associated with loss of daptomycin susceptibilities 

yycG 
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V – PHARMACOKINETICS AND PHARMACODYNAMICS OF 
INTRACELLULAR ANTIBIOTICS 
 

The intracellular location of pathogens is recognized as a critical factor in the failure of 

antimicrobial agents. In vitro and in vivo studies have provided experimental data 

demonstrating the importance of understanding (i) whether and to what extent antibiotics 

may or not act against intracellular pathogens, (ii) which are the pharmacokinetics and 

pharmacodynamics governing their activity, and (iii) how chemotherapy can be improved on 

that basis.48  

 

1. Cellular pharmacokinetics of antibiotics : uptake and disposition of 
antibiotics 
While conventional pharmacokinetics described drug absorption, distribution, metabolism 

and elimination within the body, cellular pharmacokinetics relates to the drug penetration, 

distribution, degradation and efflux in individual cells.257 Table 5.1 summarizes the current 

knowledge of antibiotics pharmacokinetics in eukaryotic cells. 

 

1.1. β-lactam antibiotics 

β-lactams are thought to cross cell membrane by passive diffusion, achieving an 

apparent intracellular concentration lower than the extracellular one at equilibrium (Table 

5.1).48,49,115,133 Owing to their weak acid moieties, these agents are largely excluded from 

lysosomes and related acidic vacuoles. However, masking the free carboxyl group by a 

basic moiety is associated with substantial accumulation of the corresponding 

derivative51,204.  

 

1.2. Glycopeptides 
Only a few studies have dealt with intracellular glycopeptides. These agents, which are 

voluminous molecules, enter cells via the endocytic pathway. Vancomycin, which is 

supposed to accumulate within lysosomes26, shows slow uptake and modest accumulation 

in macrophages.18 Conversely, teicoplanin, telavancin and oritavancin, which are more 

lipophilic agents, achieve higher cellular-to-extracellular ratio145,257,258.  

 
1.3. Quinolones 

Quinolones have long been recognized to accumulate within eukaryotic cells.49,83,186 

These agents accumulate at moderate level (Cc/Ce : 4 to 10) and are found in the cytosolic 

fraction, suggesting that (i) efflux from a specific subcellular compartment is fast or (ii) that 
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these agents are genuinely localized within the cytosol but are able to diffuse to various 

subcellular compartments.48 Efflux of fluoroquinolones is faster than uptake and seems to be 

mediated through MRP (multi-drug resistance associated-protein) efflux transporters.156-158  

 
1.4. Ansamycins 

Ansamycins have long been recognized to accumulate within eukaryotic cells.77,162 

However, it appears that the extent of cellular accumulation is quite variable among the 

different compounds (apparent cellular-to-extracellular ratio, 2 to 5 for rifampicin; ~ 25 for 

rifapentine). In addition, rifampicin has been identified as an efflux transporters substrates 

(P-gp and MRP)103 and as MDR-1 or MRP2 inducer in ascites tumor cells or HepG2 cells, 

respectively.90,221  

 
1.5. Aminoglycosides 

Aminoglycosides gain access within cells (kidney and ear) through a dual process of 

adsorptive and receptor-mediated endocytosis. These highly polar agents bind to the 

negatively charged phospholipids160 and the endocytic receptor megalin165, accumulating 

therefore quickly and to a large extent. Conversely, studies with macrophages41 and 

fibroblasts250 have demonstrated that these cells accumulate only slowly aminoglycosides to 

an apparent cellular-to-extracellular ratio of 2 to 4 at equilibrium. Intracellular 

aminoglycosides are almost exclusively found within lysosomes and acidic vacuoles.75,250  
 

1.6. Macrolides 
Since macrolides are lipophilic weak organic bases, they achieve a marked 

intracellular accumulation in all types of cells. Uptake and efflux are generally rapid and 

reversible, with the notable exception of azithromycin,86 for which binding to cellular 

structures could play a critical role in its prolonged intracellular residence. Using fractionation 

studies, Carlier and colleagues have reported that 1/3 of macrolides are distributed in the 

cytosol and 2/3 in the lysosomes (Table 5.1)48. Cellular accumulation of macrolides is also 

significantly influenced by (i) the stage of cell activation47, and (ii) the cellular pH. Indeed, 

collapsing the gradient pH across the lysosomal and the pericellular membranes abolished 

all accumulation.252  

 

1.7. Lincosamides 
Lincosamide agents have been shown to accumulate within phagocytes. Among 

lincosamides, clindamycin has been notorious for its large cellular accumulation, which has 

been ascribed to (i) its basic character and (ii) the potential use of nucleoside transporter to 
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enter within cells.68,100,251 This agent is not only localized in the cytosolic fraction, but also 

partly in the lysosomes.251 

 
1.8. Tetracyclines and glycylcyclines 

Much less is known about the cellular pharmacokinetics of tetracyclines and 

glycylcyclines. Only a few studies174,285 has been published so far, in which minocycline 

accumulates within gingival fibroblasts. The same observation has been done for tigecycline, 

for which Ong and colleagues reported a rapid intracellular accumulation within  

neutrophils.174 The mechanism of these accumulations, as well as their subcellular 

distributions, remain however elusive.   

 
1.9. Oxazolidinones 

Only a few studies have considered the intracellular accumulation of oxazolidinones, in 

which linezolid was shown to reach intracellular concentrations only slightly above the 

extracellular one in neutrophils, McCoy cells and macrophages.18,184 Uptake and efflux are 

very fast (maximal concentration reached within 5 minutes) and 90 % of the drug being 

released in less than two minutes during transfer to fresh medium.  

 

1.10. Streptogramins 
Bébéar and colleagues have reported that quinupristin and dalfopristin are actively 

taken by murine macrophages, reaching an apparent cellular-to-extracellular ratio of 50 and 

30, respectively28,61. After removal of these antibiotics, quinupristin and dalfopristin are 

rapidly released from the cells (with 45 % of the original extracellular concentration 

remaining in the cells after 120 min). The mechanism of this accumulation, as well as its 

subcellular distribution, remain however unknown.  

 
1.11. Other antibiotics 

Much less is known about the cellular pharmacokinetics of other pharmacological 

classes, such as daptomycin (which is supposed to be found in lysosomes27), co-

trimoxazole, phenicoles and fusidane.   
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Table 5.1. Cellular pharmacokinetics of the main anti-staphylococcal agents within 
eukaryotic cells (Adapted from Van Bambeke et al, Curr Opin Drug Discov Devel, 2006; 
and Carryn et al, Infect Dis Clin N Am, 2003). 
 

Pharmacoch. 
class 

Antibiotics Accumulation 
level at 

equilibrium  

Active efflux Predominant 
subcellular 
localization 

Ref
. 

β-lactams All < 1 

P-gp,  

MRP, anion/cation 

transporters 

Cytosol 
49,24

0 

Vancomycin 8 (24 h) 
Lysosomes 

(kidney) 
18,26 

Teicoplanin 60 Unknown  

Oritavancin 
150 to 300  

(24 h) 
Lysosomes 258 

Glycopeptides 

Telavancin 50 (after 24 h) 

Unknown 

Lysosomes 257 

Ciprofloxacin, 

Levofloxacin, 
4 to 10 

MRP, P-gp, 

anion/cation 

transporters 

158,2

57 

Quinolones 
Moxifloxacin, 

Garenoxacin, 

Gemifloxacin 

10 to 20 Marginal or unknown 

Cytosol 

156 

Ansamycins Rifampicin 2 to 5 

 Rifapentine ~ 25 
P-gp, MRP Unknown 162 

Co-trimoxazole 
Trimethoprim 

Sulfamethoxazole 
Unknown 

P-gp 

Unknown 
Unknown 240 

Aminoglycosides All 
2 to 4  

(several days) 
Unknown Lysosomes 250 

Phenicoles Chloramphenicol 3 to 4 Unknown Unknown 100 

Erythromycin 4 to 10 
77,25

7 Macrolides 

Azithromycin 40 to 300 

P-gp 
2/3 lysosomes 

1/3 cytosol 
 

Lincosamides Clindamycin 5 to 20 Unknown 
Cytosol; partly 

in lysosomes 

68,10

0 

Streptogramins 
Quinupristin- 

dalfopristin 

50 

30 
Unknown Unknown 28,61 

Fusidane Fusidic acid 7 to 10 Unknown Unknown 77 

Tetracyclines Probably all 10-60 P-gp Unknown 
77,15

9,285 

Oxazolidinone Linezolid ~ 1 Unknown Unknown  

Glycylcycline Tigecycline Unknown Unknown Unknown 174 

Lipopeptide Daptomycin Unknown Unknown 
Lysosomes 

(kidney) 
27 
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2. Cellular pharmacodynamics of antibiotics against Staphylococcus aureus 

A large number of studies have assessed the intracellular activities of antibiotics against 

fully sensitive S. aureus in various cellular models18,21,185,186,225. Of particular interest, Barcia-

Macay and colleagues have systematically compared the activity of various classes of 

antibiotics against both the extracellular and intracellular forms of S. aureus. As shown in 

Fig.5.1., all antibiotics are less active intracellularly compared to extracellularly.18 This 

general low intracellular activity could result from: (i) the poor bioavailability of cellular 

antibiotic, making pharmacokinetic predictions incorrect; (ii) a shift of MICs towards higher 

values in the cellular milieu; or (iii) an altered bacterial responsiveness within eukaryotic 

cells.   

 

Fig.5.1. Activities of antibiotics against extracellular and intracellular S. aureus. The graphs 
show the change in the number of CFU (∆ log CFU) per ml of culture medium (extracellular) or in 
THP-1 macrophages (intracellular) per mg of cell protein. Each antibiotic was added at concentrations 
corresponding to its Cmax in humans, a clinically meaningful concentration of antibiotics. (Adapted from 
Barcia-Macay et al, 200617,18).  

2.1.   β-lactams 

 Despite of the lack of cellular accumulation of β-lactams in various cell types, these 

agents are active against intracellular pathogens such as Listeria monocytogenes.48  Even if 

neither ampicillin or meropenem accumulate within macrophages, they prove however larger 

activity against the intracellular forms of L. monocytogenes compared to extracellular ones (-

 
54 



INTRODUCTION 
                     

2 log vs. -1 log CFU decrease after 24 h incubation using a concentration of antibiotic 

equivalent to the Cmax [as defined by the maximal concentration of drug achieving the serum 

of patients receiving conventional dosing]). Michelet and colleagues have also reported that 

these agents will only become bactericidal intracellularly if sustained concentrations of drug 

are maintained over prolonged time of incubation, which is consistent with the time-

dependent feature of β-lactams.155  

 
2.2. Glycopeptides 

Only few studies have assessed the intracellular activities of glycopeptides against 

S. aureus (Fig.5.1). While vancomycin and teicoplanin3,18,190 achieve only static effect (~1 log 

CFU decrease after 24 h at Cmax), telavancin and oritavancin prove higher efficacy against 

intracellular forms of S. aureus, achieving respectively approximatively ~ 2 and ~ 3 log 

decrease of CFU after 24 h in infected macrophages.17,18 The rate and extent of killing are, 

however, lower intracellular compared to extracellularly (Fig.5.1).  

 
2.3. Quinolones  

Intracellular fluoroquinolones becomes effective against S. aureus in a time- and 

concentration-dependent fashion.18,168,223,225 Against a fully susceptible isolate of S. aureus, 

the intracellular activity of quinolones varies between the compounds (log CFU decrease at 

Cmax [~ 4 mg/L] after 24 h: ciprofloxacin, ~ 1.4 log vs. moxifloxacin, ~ 2 log [see Fig.5.1]). 

The rate and extent of intracellular killings are also lower compared to broth (against 

extracellular pathogens), as described previously for other pharmacological classes.  

 

2.4. Aminoglycosides 
Aminoglycosides, which are mainly sequestered within acidic vacuoles, show only  

bacteriostatic effects (~ 1 log CFU decrease after 24 h from the original, post-phagocytosis 

inoculum [see Fig.5.1]) against intraphagocytic forms of S. aureus in a concentration-

dependent fashion.18,21,225  

 
2.5. Ansamycins  

Rifampicin, which is highly bactericidal towards extracellular forms of S. aureus, 

demonstrates an intracellular activity against susceptible S. aureus (~ 1 log CFU decrease 

after 3 h at Cmax [4 mg/L]). In spite of this, and in sharp contrast to what is observed with 

extracellular bacteria, rifampicin never yields a truly intracellular bactericidal effect (~1.5 log 

CFU decrease [see Fig.5.1), since its Emax (Efficacy maximal) remains lower than 3 log CFU 

decrease (CLSI criteria).18  
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2.6. Macrolides 
The huge accumulation of azithromycin within cells, and its co-localization within 

S. aureus in the phagolysosomes, would make many to predict a large activity of this agent. 

However, several studies have shown that, despite these apparent advantages, azithromycin 

is only bacteriostatic against intracellular forms of S. aureus (Fig.5.1). The reasons for these 

contrasting and apparently paradoxical behaviors are that azithromycin is an agent for which 

the local environment (and especially the acidic pH) is highly unfavourable to its activity.  

 
2.7. Streptogramins  

The combination of quinupristin and dalfopristin demonstrate significant intracellular 

killing of S. aureus61 (17th European Congress of Clinical Microbiology and Infectious 

Diseases [ECCMID], Munich, Germany, Poster 2058), achieving intracellularly approx. 2 log 

CFU decrease at 24 h from the original, post-phagocytosis inoculum.  

 
2.8. Lincosamides, Tetracyclines, Glycylcyclines and Oxazolidinones 

Both pharmacological classes are intrinsically bacteriostatic against extracellular forms 

of S. aureus and did not reached higher maximal efficacy against the intracellular ones 

(Fig.5.1).18,174,187  

  

3. Factors influencing the intracellular activity of antibiotics against S. aureus 
 

Figure 5.3 summarizes the main parameters that may critically influence the activity of 

antibiotics against intracellular S. aureus, such as the recognition of antibiotics by active 

efflux transporters, the drug metabolism and binding to subcellular components, the physical 

conditions prevailing in the site of infection, the state of bacterial responsiveness, and the 

degree of cooperation with the host cell defences.  
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Fig.5.3. Factors affecting the accumulation (balance between drug influx and efflux, drug 
metabolism and binding to cellular components) and the intracellular activity of antibiotics (the 
physicochemical conditions prevailing at the site of infection, the state of bacterial 
responsiveness, and the degree of cooperation with the host defences) (Carryn et al, 200348).   
 
3.2. Accumulation levels  
3.2.1. Role of efflux transporters  

Active efflux of antibiotics is now recognized as a key element in the distribution and 

expression of drug activity. Efflux transporters are expressed at the surface of eukaryotic 

cells (Fig.5.4) and involved in the extrusion of various antimicrobial agents, including 

compounds with unrelated pharmacological properties (see for review219,256,257,259). Based on 

mechanisms and energetics, membrane transporters can be categorized into two broad 

classes: passive transporters (ions channels,…) and active transporters. Among these 

latters, multidrug transporters of the adenosine triphosphate (ATP)-binding cassette (ABC) 

superfamily (including the multidrug-resistance protein P-glycoprotein [P-gp or MDR 

transporters] and the multiple drug-resistance proteins [MRPs]) are found ubiquitous, while 

organic cation or anion transporters are mainly found in the surface of epithelia.      

 

In general, transporters act as a general means for cells to protect themselves from 

the undesirable invasion by amphiphilic compounds. They may also serve to facilitate the 

transmembrane transport of endogenous molecules, such as phospholipids (by acting as 

flippases), cytokines, metabolic intermediates or nutrients. When expressed in cells, 

multidrug transporters may reduce the cellular concentration of antibiotics (see Table 5.1), 

consequently affecting their pharmacological activity towards intracellular targets. In this 

context, the understanding of the biology of transporters is of particular pharmaceutical 

relevance. Structural modification and specific transporter targeting are considered as 

promising strategies for the design of drug with improved cellular pharmacokinetics and 

pharmacodynamics. This prompted us to explore some approaches to enhance the 
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therapeutic efficacy of intracellular antibiotics by pharmacological modulation of transporter 

functions.  The strategy of using P-gp (verapamil, GF120918) or MRP inhibitors (gemfibrozil) 

has been found to significantly increase the cellular content and intracellular activity of 

macrolides and quinolones, respectively157,158,224.  

 

 
Fig.5.4. Schematic representation of the main transporters potentially involved in antibiotic 
movement at the level of epithelial cells (liver, bronchial tree, intestine, kidney), the blood-brain 
barrier or leukocytes. The level of expression of each transporter may differ between species. (Van 
Bambeke et al, 2003259).   

 
3.2.2. ABC transporters 

Approximatively 50 different ABC transporters have been identified in the human 

genome, divided into seven different classes (A to G) based on sequence similarities (See 

for review: 7,256,259). The MDR efflux protein was the first transporter of ABC family to be 

described.52 This protein, which consists of two homologous halves (each containing six 

transmembrane domains and an ATP-binding site) linked by a flexible region7,112, is mainly 

localised on plasma membranes, but also on early endosomes and lysosomes.80,131 Drug 

belonging to diverse chemical classes such as Vinca alkaloids (vinblastine, vincristine), 
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anthracyclines (doxorubicin, daunorubicin) or antibiotics (see Table 5.1) may interact with P-

gp. These compounds are mainly lipophilic, either uncharged or cationic agents. MRP-1 

transporters have similar transport specificity to MDR1, except that MRP proteins mainly 

transport anionic compounds such as fluoroquinolones (Table 5.1).  
 

3.3. Intracellular expression of antibiotic activity  
The activity of antibiotics may be partially defeated by the physical conditions prevailing 

in the infection site. In particular, local pH can affect not only antibiotic action, but also the 

bacterial response to antibiotics.  
 

 
 

Fig.5.5. Comparative Minimal Inhibitory Concentrations (MICs) of antibiotics against S. aureus 
ATCC 25923 at pH 7.4 and 5.5. MICs were determined by micro-dilution method and read after 24 h 
incubation (Adapted from Baudoux et al, 200721; and Barcia-Macay et al, 200618).   

 

Environmental effects on antibiotic expression of activity can be partly taken into 

consideration by considering the minimal inhibitory concentrations (MICs) at pH 5.5. As 

shown in figure 5.5, acidic milieu negatively affects the activity of gentamicin, azithromycin 

and, to a lesser extent, quinolones and daptomycin, but enhances that of rifampicin and β-

lactams. The activity of glycopeptides, quinupristin-dalfopristin and linezolid is not 

significantly altered by acidic pH (< 2 log2 difference of MICs).  

The cell defence mechanisms represent one another factor specific to the intracellular 

milieu that can either cooperate with or antagonize antibiotic action. For example, inhibiting 
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the oxidative burst in macrophages reduces significantly the intracellular activity of 

quinolones against L. monocytogenes, suggesting therefore that oxidant species reinforce 

the activity of this class of antibiotic177. The effects of cytokines or oxidative burst inhibition 

are still lacking for intraphagocytic S. aureus.    

 

3.4. Intracellular bacterial responsiveness to antibiotics 
When S. aureus enters cells, its growth rate is markedly reduced compared to 

extracellularly. This delay in growth may contribute to the impairment of antibiotic activity in 

the intracellular milieu, since many classes of antibiotics act upon bacteria in the active stage 

of multiplication. Moreover, using a stable thymidine-dependent SCV variant, we showed 

recently that the bacterial growth rate of these mutants is exceptionally impaired compared to 

a wild-type, dividing isolates of S. aureus (Fig.5.6). It is therefore not a surprise that the 

activity of antibiotics against these intracellular clones is significantly defeated.   

 

 
Fig.5.6. Intracellular activity of most commonly used antimicrobial agents vs. investigational 
molecules against intraphagocytic forms of a stable, thymidine-dependent SCV variant and its 
normal phenotype isolate counterpart from a cystic fibrosis patient. Activities were measured in 
infected THP-1 macrophages after 24 h exposition to a drug concentration equivalent to its human 
Cmax described in the literature (Adapted from Nguyen et al, 27th Réunion Interdisciplinaire de 
Chimiothérapie Anti-infectieuse [RICAI], Paris, 2007). 
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One another puzzling observation, when dealing with intracellular bacteria, is the lack 

of bacterial eradication for all the antibiotics tested so far, even when concentrations were 

brought to more than 250-fold multiples of MICs18,21. Hence, this suggests that part of the 

bacterial inoculum is inaccessible or metabolically insensitive to all antibiotics. This has been 

observed not only with S. aureus but also with L. monocytogenes49, and does not seem to be 

linked with the selection of resistant mutants. It’s therefore tempting to speculate that this 

lack of intracellular forms eradication could be one of the reasons for antibiotic failure in 

severe S. aureus infections, which are characterized by the maintenance of a residual 

inoculum inaccessible to the action of antimicrobial agents and from which reinfection are 

likely.  
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As described in the introduction, Staphylococcus aureus is an aggressive pathogen 

creating significant public health threat. The intracellular survival of this organism, combined 

to the emergence of multi-resistant isolates, is often considered as an important determinant 

in the recurrent and relapsing character of staphylococcal infections. In this context, selecting 

an optimal treatment to eradicate the intracellular forms of S. aureus remains challenging, 

since routine evaluation of antibiotic activity is usually performed against extracellular 

bacteria only. Yet, the intracellular activity of antibiotics of most anti-staphylococcal agents is 

markedly lower compared to what is observed extracellularly.  

 

In this context, this thesis aimed at investigating the pharmacodynamic properties of 

antibiotics against Staphylococcus aureus, by:  

 

(i) Developing appropriate models of cellular infections that might represent more 

likely the clinical situation (phagocytic cells vs. non-phagocytic cells)  

 

(ii) Comparing systematically the activity of antibiotics against isolates of current 

and epidemiological interest following a pharmacological approach, namely 

the use of time- and dose-response studies  

 

(iii) Unravelling the influence of the cellular milieu on the intracellular activity of 

antibiotic  
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My contributions to this study are the following:  
 

1) The demonstration of the concentration- and time-dependent activity of β-

lactam antibiotics against intraphagocytic S. aureus. 
 

(Publication #1) 

 

2) The evaluation of the role of acidic pH in the restored susceptibility of 

Methicillin-Resistant Staphylococcus aureus isolates (MRSA) to β-lactam 

antibiotics 
 

(Publication #2, #3, and #4) 

 

3) The evalution of the modulation of the cellular accumulation and the 
intracellular activity of daptomycin by the P-glycoprotein (MDR-1) efflux 
transporter. 

 

(Publication #5) 

 

4) The assessment of the extracellular and the intracellular activities of antibiotics 
against clinical isolates of S. aureus recovered from a patient with persistent 
bacteraemia and endocarditis.  

 

 (Publication #6) 
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I - Concentration- and time-dependent activity of β-lactam antibiotics against 

intraphagocytic S. aureus 

 
Le temps révèle tout: c’est un bavard 

qui parle sans être interoggé 

Euripide 

 

Publication #1: Activity of three β-lactams (ertapenem, meropenem and 

ampicillin) against intraphagocytic Listeria monocytogenes and 
Staphylococcus aureus.  
Sandrine Lemaire, Françoise Van Bambeke, Marie-Paule Mingeot-Leclercq and Paul M. 

Tulkens 

 
The present study, which reports preliminary results that are further elaborated in the 

following publications, is a pharmacological comparison of the activity of three β-lactams 

(ampicillin, meropenem and ertapenem [a carbapenem with prolonged half-life]) against 

extracellular and intracellular S. aureus (phagolysosomial bacterium) and L. monocytogenes 

(cytosolic bacterium). 

 

For a long time, β-lactam antibiotics have long been recognized to do not accumulate 

within cells, and it has often been concluded that these agents were unable to penetrate 

cells. The present study shows that this is probably incorrect because ampicillin, meropenem 

and ertapenem are able to efficiently penetrate into THP-1 macrophages, achieving an 

apparent cellular concentration lower than the extracellular one at equilibrium (Cc/Ce < 1). 

Despite of their poor accumulation within cells, both β-lactams are actually significantly active 

against intracellular forms of S. aureus (strain ATCC 25923, a fully susceptible isolate). The 

intracellular activity of β-lactams is critically dependent upon their extracellular concentrations 

and the duration of cell exposure to antibiotics. In this context, it must be emphasized that a 

significant reduction of the intracellular inoculum may be obtained when (i) the extracellular 

concentration markedly exceeded the MIC of the organism (which is actually clinically 

pertinent owing to the important Cmax observed upon administration in healthy volunteers 

[e.g. meropenem, 50 mg/L; ertapenem, 155 mg/L), and (ii) the incubation time was brought 

to 24 h. Therefore, this suggests that large extracellular concentrations and prolonged 

exposure may compensate for the lack of cellular accumulation.  
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II - Role of acidic pH in the restored susceptibility of Methicillin-Resistant 

Staphylococcus aureus (MRSA) to β-lactam antibiotics  

 

Publication #2: Role of acidic pH in the susceptibility of intraphagocytic 
Methicillin-Resistant Staphylococcus aureus strains to meropenem and 
cloxacillin 
Sandrine Lemaire, Françoise Van Bambeke, Marie-Paule Mingeot-Leclercq, Youri 

Glupczynski and Paul M. Tulkens  

 
Restoration of the susceptibility of MRSA to β-lactams by acidic pH was described in 

the early 1970s by Sabath and colleagues210 but was not considered of clinical importance by 

its discoverers. The present study confirms these observations and extends it to the 

phagolysosomes of infected macrophages in which both MSSA and MRSA isolates survives 

and thrives, giving it a broader significance that originally appreciated. These observations 

were gained from independent approaches, namely (i) the similar pharmacodynamic 

responses of cloxacillin and meropenem towards intraphagocytic MSSA and MRSA; and (ii) 

the use of ammonium chloride (a lysosomotropic agent neutralizing the pH of lysosomal and 

phagolysosomial compartments), which make intraphagocytic MRSA insensitive to the action 

of cloxacillin and meropenem.  

 

In the early 1980’s, Hartman and Tomasz have first suggested that the effects of 

acidic pH on methicillin resistance were related to a decreased bacterial content in PBP2a104. 

However, we show that growing bacteria at acidic pH (i) does not alter neither the expression 

of the PBP2a-encoding gene (mecA) nor that of its regulatory genes; and (ii) does not 

decrease the amount of immunodetectable PBP2a in whole cells preparations. We found 

also that cell-wall preparations isolated from MRSA grown and exposed to radio-labelled 

penicillin G at acidic pH show a larger amount of radioactive amount than if bacteria had 

been grown at neutral pH (this amount being actually brought to a level similar to what is 

observed with MSSA grown and exposed to radio-labelled penicillin G at neutral pH).  
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Publication #3: Restoration of susceptibility of Methicillin-Resistant S. aureus 
(MRSA) to beta-lactams after phagocytosis by eukaryotic cells: comparison 
between strains, cells and antibiotics. 
Sandrine Lemaire, Aurélie Olivier, Françoise Van Bambeke, Paul M. Tulkens, Peter C. 

Appelbaum, and Youri Glupczynski 

 

 In the present study, we wishes to address three critical questions to further delineate 

the pertinence of our recent observations demonstrating that MRSA isolates recover 

susceptibility to β-lactam antibiotics when phagocytosed by THP-1 macrophages, namely 

whether it can be extended to:  

 

(i) Other cells than macrophages, such as non-professional phagocytes  

(ii) Other molecules selected among the three currently registered anti-

staphylococcal β-lactams  

(iii) MRSA isolates of current clinical and epidemiological interest (including 

the multi-drug resistant Vancomycin-Intermediate S. aureus and a recent 

Belgian MRSA isolate of animal origin).  

 

Our data show that the suppression of methicillin resistance after phagocytosis is 

neither strain nor cell-specific.  Comparison between β-lactams, however, suggests that this 

effect is preferentially seen with penicillins and carbapenems as opposed to cephalosporins.    
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Publication #4: Restoration of susceptibility of Methicillin-Resistant 

Staphylococcus aureus (MRSA) to β-lactam antibiotics by acidic pH: role of 

Penicillin-Binding Protein 2a (PBP2a).  
Sandrine Lemaire, Cosimo Fuda, Françoise Van Bambeke, Paul M. Tulkens, and Shahriar 

Mobashery 

 

The understanding of the molecular and biochemical mechanisms underlying this 

restoration of susceptibility of MRSA to β-lactams is of profound significance because it 

would, indeed, not only explain the susceptibility of MRSA isolates within the subcellular 

environnements, but it might also reveal some potential new targets in the treatment of this 

versatile pathogen.  

 

In this report, we have examined in greater depth the relationship between pH and 

the function of PBP2a (the key factor involved in methicillin resistance). We document herein 

that, at lower pH, (i) PBP2a bind more avidly β-lactams; (ii) the non-covalent pre-acylation 

complex exhibits a lower dissociation constant (Kd) and an increased rate of acyl-enzyme 

formation (k2) without change in hydrolytic deacylation rate (k3); and (iii) PBP2a undergoes a 

conformational change (which is a crucial step for the opening of the active site from the 

closed conformation) in the presence of oxacillin when exposed under acidic conditions. In 

terms of mechanistic consequences, these variations were quite similar than those recently 

reported for new cephalosporins that are capable of inhibiting more efficiently the resistant 

PBP2a. Hence, these findings provide new insights in the understanding of the modification 

of methicillin resistance by acidic pH. 
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III - Modulation of the cellular accumulation and the intracellular activity of 
daptomycin by the P-glycoprotein efflux transporter  
 

Publication #5: Modulation of cellular accumulation and intracellular activity of 
daptomycin towards phagocytosed Staphylococcus aureus by the P-
glycoprotein (MDR-1) efflux transporters in human THP-1 macrophages and 
Madin-Darby canine kidney cells.  
Sandrine Lemaire, Françoise Van Bambeke, Marie-Paule Mingeot-Leclercq, and Paul M. 

Tulkens 

 
The first aspect of this project was to explore the intracellular pharmacokinetic and 

pharmacodynamic of daptomycin, a cyclic lipopeptide agent. In this report, we show that this 

antibiotic (i) penetrate cells, reaching an apparent intracellular concentration lower than the 

extracellular one at equilibrium; (ii) exerts concentration-dependent activity against S. aureus 

internalized by human THP-1 macrophages or MDCK [Madin-Darby Canine Kidney] cells.  

 

Additionally, we report that the cellular accumulation of daptomycin, and thereby its 

intracellular activity, is partially defeated through P-glycoprotein (P-gp, MDR-1) efflux 

transporters, one of the main members of the ATP-binding cassette (ABC) efflux proteins 

superfamily. This conclusion stems from four converging pieces of evidences gained from 

independent approaches, namely (i) the use of well-known inhibitors (verapamil, elacridar) 

and activator of P-gp; (ii) the direct measurement of cellular content of daptomycin versus 

DiOC2 ( a well-known substrate of P-gp) in the presence of P-gp modulators; (iii) the 

comparison of the cellular accumulation of daptomycin in cell-type with various expression of 

P-gp (THP-1 versus MDCK cell line surexpressing MDR-1 proteins); and (iv) the silencing of 

mdr1 (the gene encoding P-gp in humans) expression by specific siRNA (small interfering 

RNA). 
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IV - Insufficient activity of most commonly used anti-staphylococcal agents 
against S. aureus isolates recovered from a patient with persistent bacteriemia 
and endocarditis: a cause for treatment failure? 
 

Publication #6: Activities of Antistaphylococcal antibiotics towards the 
extracellular and intracellular forms of S. aureus isolates from a patient with 
persistent bacteriemia and endocarditis.  
Sandrine Lemaire, Klaudia Kosowska-Shick, Kathleen Julian, Paul M. Tulkens, Françoise 

Van Bambeke, and Peter C. Appelbaum 

 
 Finally, we used our experimental model of intracellular infection to systematically 

compare the extracellular and intracellular activities of antibiotics against difficult-to-treat 

isolates of S. aureus.  

 

The present data have been collected on clinical isolates recovered from a patient 

with prosthetic aortic valve who, as a complication of bacteriemic pacemaker infection, 

developed an endocardial abscess and persistent bacteriemia.119  As far as we know, this is 

the first report describing the intracellular pharmacodynamic of antibiotics against clinical 

isolates of S. aureus recovered from intracellular compartment (heart valves). Using THP-1 

macrophages, we provide a potential rationale for the poor clinical and microbiological 

response in patients infected with these variants, while suggesting potential benefit in using 

newly developed anti-staphylococcal agents (oritavancin, quinupristin/dalfopristin).  

.  
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For a long time, Staphylococcus aureus has been only considered as an extracellular 

pathogen. Over the last decades, it became however quite well recognized that this 

bacterium has also abilities to survive and thrive intracellularly. This intracellular stage is 

believed to act as a reservoir of surviving S. aureus that may account for relapses and 

recurrences. Routine evaluation of antibiotic activity (such as MIC determinations, time- and 

dose-kill studies), which is useful to predict the therapeutic outcome when dealing with 

extracellular S. aureus, does not predict efficacy against intracellular bacteria. In this context, 

our work has focused on the evaluation of series of antibiotics against both extracellular and 

intracellular forms of S. aureus, in order to delineate how their activity could be modified by 

the intracellular milieu.  

 

1. Interest of the model of intracellular infections  
1.1. Choice of the cell type  

We were interested in examining whether any differences of S. aureus susceptibility to 

antibiotics may be observed between cells differing from: (i) their origin (human vs. animal 

cells), (ii) their immune status (professional and non-professional phagocytes); (iii) the 

subcellular compartment hosting intracellular S. aureus (phagolysosomial model [e.g. 

macrophages, keratinocytes] vs. phagolysosomial – cytosolic model [e.g. endothelial cells]); 

(iv) the level of expression of efflux transporters (basal level of expression or surexpression).  

 

By and large, our studies have shown little differences, if any, between macrophages 

(whether activated or not) and keratinocytes with respect to what has been measured in our 

work (intracellular rate of bacterial growth, intracellular susceptibilities to antibiotics). This 

may be quite surprising and will need to be further investigated. The simplest explanation 

may be that we deal with an intraphagosomal infection, and that many of the factors that 

could modulate cell uptake and activity of antibiotics based on the histological character of 

the cells and/or their activation may not extend to this compartment. Conversely, our studies 

and those of A. Olivier (data accepted for the 18th European Congress of Clinical 

Microbiology and Infectious Diseases [ECCMID, which be held in Barcelona in april 2008]) 

suggest that endothelial cells may behave very differently. This is probably related to the 

different subcellular localization of S. aureus within these cells, as shown earlier by Menzies 

and colleagues153, and more recently confirmed in our laboratory by A. Olivier. Therefore, a 

key message may be that different cell types can be used for the type of study we have 

undertaken, but that attention should be paid to the way S. aureus interact with them. A 

priori, we could suggest to utilize, for each type of investigation, the more relevant cell type in 

relation to the type of infection under study.   
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1.2. Choice of bacterial isolates 
While earlier studies have only considered laboratory-derived strains (mostly sensitive 

to all antibiotics, which does not reflect at all the current clinical situation), we were interested 

in examining whether any differences of intracellular killing by antibiotics could be observed 

between: (i) recent clinical isolates of S. aureus differing in their response to antibiotics (β-

lactamase producing S. aureus, HA-MRSA, CA-MRSA, VISA, VRSA, …); (ii) recent 

S. aureus isolates recovered from presumed in vivo intracellular compartments (such as 

heart valves), (iii) a recent MRSA of animal origin. 

 

Of interest, we observed that the general behavior of S. aureus (intracellular rate of 

bacterial growth, intracellular susceptibility to antibiotics) is actually not markedly influenced 

by the origin of the strain used, beyond what could be anticipated from its pattern of antibiotic 

resistance. This justifies, a posteriori, the previous use of well defined, laboratory strains for 

the pharmacological studies undertaken here. In other words, while it is obviously interesting 

to use clinical isolates in specific studies, their use does not appear mandatory for 

delineating and characterizing their general response to antibiotics in the intracellular milieu. 

The use of resistant strains, on the other hand, allows to critically assessing the capacity of 

(i) novel antibiotics to exert their activity in this environment (viz. our studies with 

daptomycin); (ii) conversely, to disclose unanticipated restoration of antibiotic susceptibility of 

resistant strains to antibiotics when exposed to the conditions prevailing intracellularly (viz. 

our studies with β-lactams and MRSA). A key message here could be that well defined, 

laboratory strains can be used for most investigations related to the pharmacology of the 

intracellular antibiotics, keeping clinical isolates and resistant strains for specific studies 

aimed at defining the potential of new drugs and/or at delineating new approaches specific to 

these isolates.          

  

1.3. Pharmacological evaluation of antibiotic activity 
The interaction of antibiotics with eukaryotic cells and their influence on the fate of 

intracellular bacteria is of therapeutic importance. In the screening of potentially effective 

antibacterial agents against intracellular pathogens, it is crucial to critically examine the 

cellular properties of antibiotics related to their pharmacokinetic (including antibiotic uptake 

and efflux in eukaryotic cells, intracellular disposition and metabolism) or pharmacodynamic 

(such as the capacity of antibiotics to exert activity intracellularly, or the influence exerted by 

the intracellular milieu on the intracellular fate of S. aureus).   
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1.3.1. Evaluation of the pharmacokinetics of antibiotics 
Our study has addressed this aspect only in a limited fashion because we quickly 

realized that there is only a poor correlation between intracellular activity and accumulation of 

the antibiotics we have studied. This aspect, critically examined by Van Bambeke and 

colleagues257, will need to be further experimentally studied.  For instance, our observation 

that an inhibition of daptomycin efflux by impairment of the activity of the P-glycoprotein does 

not readily explain its increased activity against intraphagosomal S. aureus, because this 

inhibition is supposed to increase the cytosolic and not the phagolysosomal content of the 

cell in daptomycin. This apparent paradox can be, however, explained by the recent findings 

of Fu and Roufogalis. Using a P-gp-enhanced green fluorescent protein (EGFP) stable 

expression system in human breast cancer cells (MCF-7 cell line)131, they were able to detect 

P-gp not only in membranes, but also in acidic organelles. Consequently, this apparent 

paradox can only be addressed by undertaking detailed studies aimed at tracing the 

subcellular fluxes and disposition of the drug.      

 

Another point which also needs to be addressed is that all our experiments were 

made with drug concentrations that have remained constant (apart from their spontaneous 

degradation) throughout the observation period. This situation is far remote from the one 

prevailing in patients (unless using continuous infusion). It was a limit imposed by our 

experimental set-up that will need to be corrected in the future. Yet, it was for us the only way 

to begin the type of study we report in this Thesis in a systematic and thorough fashion.          

 
1.3.2. Evaluation of the pharmacodynamics of antibiotics 

Early studies assessing the intracellular activity of antibiotics generally expose the 

intracellular bacteria to a fixed concentrations of drug168,174,223. In our experiments, the 

bactericidal pharmacodynamics of antibiotics against intracellular S. aureus were analysed 

by using both time- and dose-response (concentrations of antibiotics ranging from sub-MIC 

values to clinically meaningful concentrations [Cmax]) approaches. In addition to their use for 

preclinical trials, these pharmacodynamic models are also suitable to provide informations: (i) 

on key pharmacological descriptors (50 % effective concentration [EC50]; static concentration 

[Cstatic]; maximal efficacy [Emax]); (ii) and on the optimal dosing and scheduling of antibiotics 

in the intracellular milieu.  

 

In this respect, our approach has been quite innovative. Indeed, it is, as far as we 

have been able to ascertain, the first time the intracellular activity of antibiotics is examined 

with the tools and models commonly used in pharmacological approaches (use of large 
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concentration spans, expanding from suboptimal concentrations to concentrations exceeding 

several fold the MIC; modeling of the data according to what is used in conventional 

pharmacological dose-response analysis). This has allowed us to make a strong link 

between microbiology and pharmacology, and to explain how some drugs, such as β-

lactams, could be reported as following models that were, apparently, incompatible with 

basic pharmacological rules (time-dependency). We see indeed that all antibiotics are 

concentration-dependent, but within a limited concentration span only (essentially from about 

0.1 to 50-fold their MIC). Yet, we see that the so-called time-dependent antibiotics (such as 

β-lactams) are actually used in clinical practice at concentrations that most often largely 

exceed their MIC. Thus, these drugs are not intrinsically time-dependent only, but are used 

under conditions at which their concentration-dependency can no longer be clearly 

evidenced. This point is not of pure academic interest. Strains with elevated MICs towards 

these antibiotics will indeed begin to show concentration-dependency, a point which has, so 

far, not be taken into account in the clinical use of these drugs. Conversely, antibiotics that 

are clearly concentration-dependent for their activity in the current serum concentration 

range would become time-dependent if their MIC could be substantially lowered. In this 

context, we suggest that more attention should be spent on the determination of the E50 

parameter, in relation to the MIC and the actual antibiotic concentrations achievable in 

patients, since it may be critical to categorize an antibiotic as a concentration or a time-

dependent drug, thereby leading to different therapeutic recommendations.      

 

In a broader context, our studies may also help to understand the limits in the action 

of antibiotics, as quantified by the Emax parameter. This parameter is rarely taken into account 

and/or quantified in routine microbiological testing. Yet, it appears to us very critical, since it 

tells us not only how effective an antibiotic can be, but, more importantly, which proportion of 

the original inoculum will never be eradicated whatever the concentration of the antibiotic.  

The reason why this parameter has long been neglected is probably that Emax in broth is 

often very large and corresponds, practically speaking, to bacterial counts below detection 

levels in routine clinical microbiology. This, however, is not the case for the intracellular 

bacteria.  While we do not know, today, where and how those bacteria ever succeed to 

remain untouched by the antibiotics, they certainly represent a potential threat not only in 

terms of persistence but also as a source of resistant organisms (trough selection of best-

fitted organisms due to insufficient killing). In this context, it is clear that an antibiotic with a 

large Emax effect will be the drug of choice if eradication is what is being looked for when 

initiating an antibiotic treatment.        
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1.4. Perspectives 
1.4.1. Evaluation of antibiotic combinations    

Therapeutic strategies towards multi-resistant S. aureus have pointed out the interest 

of using antibiotic combinations for critically ill patients (see for review: 64,69,70,215). Antibiotic 

combinations are sometimes used with the specific intent of (i) extending the antimicrobial 

spectrum, (ii) obtaining a synergistic antimicrobial effect, and (iii) preventing or minimizing the 

likelihood of emergence of multi-resistant strains. It would therefore be worthwhile to 

evaluate whether combination of antibacterial agents may improve the relative potency 

and/or (EC50 effect) the maximal efficacy (Emax effect) of antibiotics.   

 

1.4.2. Evaluation of the cooperation between antibacterial agents and host 
immune responses 
The possibility that interactions between antibacterial agents and the immune system 

may contribute to the therapeutic efficacy is widely recognized. However, these interactions 

have not been so far considered against intracellular S. aureus. Phagocytes, multifaceted 

cells which are key components of cellular immunity, are involved (i) in the immediate 

defences against pathogens, and (ii) in the regulation and triggering of specific immune 

responses. They are, thus, of prime interest to widely explore the effect of cytokines and 

burst oxidative processes on the pharmacological properties of antibiotics against 

intracellular pathogens. Interestingly, it has been recently demonstrated that γ-interferon or 

TNF-α, two main cytokines, reduced considerably the intracellular growth of S. aureus upon 

incubation within endothelial cells. In this context, we can presume that a significant 

improvement of the anti-bacterial therapeutics could be obtained by an optimal cooperation 

within cytokines, bacteria and antibiotics.29,183  

 

1.4.3. Static vs. dynamic models 
The usual in vitro estimations of antibiotic activity (MICs, dose- and time-kill studies) 

are only determined using constant concentration of antibiotics (static models), which do not 

reflect the pharmacokinetic profile of antibiotics that fluctuate over time. Various dynamic 

models (considering both intrinsic activities of antibiotics, and their pharmacokinetics) have 

been successfully used against extracellular bacteria (see for review:38). In this context, it 

should be interesting to applicate this dynamic model to our cultured cell lines.  
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1.4.4. Evaluation of the in vivo activity of antibiotics 
Extrapolation to the in vivo situation cannot be established at this stage, since our 

experiments were only conducted using cultured cell lines. Therefore, our hypothesis will 

need to be specifically addressed in future in vivo studies to obtain more accurate 

information for clinical perspectives. Interestingly, a remarkable animal model of mixed 

extracellular-intracellular peritoneal infection has been recently developed by Sandberg and 

colleagues (European Congress of Clinical Microbiology and Infectious Disease, 2006, Nice, 

France, Poster 1157), in which mice are infected by peritoneal infection of S. aureus, treated 

with antibiotics, and finally sacrificed.  

 
2. Can we use β-lactams for the treatment of intracellular S. aureus 

infections? 
Owing to their poor accumulation within cells, several studies have claimed that β-lactam 

antibiotics are ineffective intracellularly8,212 without analyzing in greater depth the relationship 

between drug concentration (dosing), time of exposure, and chemotherapeutic response of 

these agents. There is nevertheless consensus on the fact that β-lactams should express an 

intracellular activity because these agents have been used successfully for the treatment of 

various intracellular organisms (e.g., L. monocytogenes). In the cases of a β-lactam sensitive 

Staphylococcus aureus, we have firstly shown that a significant reduction of the intracellular 

inoculum should be obtained when (i) the extracellular concentration of antibiotics markedly 

exceeded the MIC of the pathogen (which is clinically relevant because serum levels are 

often quite high), and (ii) the duration of incubation is brought to 24 h (β-lactams are time-

dependent antibiotics). Taken together, these results suggest (i) that optimal efficacy should 

be obtained by prolonged duration of treatment at the maximal dose (to compensate for the 

lack of accumulation); (ii) there is a place for continuous infusions.  

 

Secondly, we have noticed that β-lactams recover activity against Methicillin-Resistant 

S. aureus when the bacteria were exposed to these antibiotics after phagocytosis by 

eukaryotic cells. This is of crucial importance, because (i) MRSA is arguably one of the most 

striking subject of clinical concern, (ii) this behavior in the acidic pH is also relevant to similar 

conditions prevailing in the skin, mouth, vagina, or urinary tract. Because this restoration of 

susceptibility has been documented for all of our MRSA isolates, we may reasonably assume 

that a common character (most related to the presence and expression of PBP2a) is 

responsible for the effect seen. In addition to facilitating a reduction in β-lactam resistance, 

recent findings show also that acidic pH improved significantly β-lactam-induced autolysis of 
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MRSA isolates. Therefore, this novel finding opens interesting perspectives for the 

understanding and unravelling of this complex phenomenon.  

 

In a broader context, it is somewhat ironic that the diagnostic of MRSA as the offending 

organism leads to the discontinuation of β-lactams in favor of vancomycin or linezolid, when 

we know (i) that both antibiotics are poorly active against intracellular forms of S. aureus (not 

only with laboratory strains, but also and perhaps more importantly, with multi-resistant 

isolates as seen in persistent infections); (ii) that β-lactams could be effective against the 

intracellular forms of these organisms. Our observations may trigger future in vivo studies, in 

order to (i) assess such phenomenon in vivo (with special attention to tissues such as skin 

and bronchial epithelia where survival of intracellular S. aureus may play a critical role); (ii) 

delineate the potential interest of including a β-lactam in the treatment of MRSA infections 

prevailing in the acidic milieu (obviously, β-lactams will be ineffective against the extracellular 

forms of MRSA and their use should, therefore, be always combined with that of other agents 

acting against these forms) ; and to (iii) delineate the influence of acidic pH on the activity of 

novel, promising anti-MRSA compounds belonging to the class of β-lactams (such as 

ceftobiprole). Carefully designed in vitro and in vivo studies examining this new type of agent 

or combination therapy to control MRSA infection could be useful in this context.  

 

3. Can we use β-lactam in combination with vancomycin for the treatment of 

intracellular MRSA infections?  
Our study has clearly delineated the potential interest of including a β-lactam to 

vancomycin in the treatment of recurrent and persistent S. aureus infections. However, there 

have been many contradictory observations with regard to the combination effect of 

vancomycin and β-lactam antibiotic against S. aureus, including both (i) additive and/or 

synergistic effects, and (ii) antagonistic effects.  

 

On the first hand, some investigators have noted that a combination of glycopeptides and 

β-lactam antibiotics can demonstrate in vitro additive or synergistic effect against MRSA, 

since they act at different stages of the cell-wall synthesis.19,198,232 By a variety of in vitro 

tests, Domaracki and colleagues have demonstrated that vancomycin and oxacillin were 

synergistic against clinical isolates of MRSA when concentrations of antibiotics are 

equivalent to a multiple of one-fourth to one-half of their corresponding MIC.63 On the second 

hand, other investigators have reported antagonistic effects when combining a β-lactam with 

vancomycin.15,102,111 As demonstrated by Aritaka and colleagues, β-lactams exhibit a 

synergistic effect when their concentration is brought to a concentration equivalent to their 
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MIC, while antagonistic effects were observed at lower, sub-MIC levels. The additive 

concentrations are therefore difficult to achieve in patients, because it required high dosages 

of β-lactams (> 128 mg/L).15  

 

Despite the apparent limitation described by Aritaka and colleagues, this antagonistic 

effect has been firstly reported for MRSA isolates showing a reduced susceptibility to 

vancomycin, which will be obviously associated with a poor response of this agent. Secondly, 

these data are often obtained using in vitro studies, and they still need to be confirmed in 

vivo. This is, obviously, of crucial importance, since Sorrell and colleagues failed to 

demonstrate any clinical effectiveness of combination therapy with vancomycin and 

amikacin, even though synergistic effects were demonstrated in vitro for this combination. 

Future studies are therefore required to critically examine (i) the in vitro effectiveness of 

vancomycin and β-lactams under well-defined conditions (MRSA growing at acidic pH, 

intracellular MRSA), and (ii) the potential benefit of including in vivo a beta-lactam to 

vancomycin in the setting of recurrent and persistent S. aureus infections, where intracellular 

foci of S. aureus may play a major determinant. Hence, this application warrants further 

investigation to establish a rational combined therapy with vancomycin and β-lactams.  

  
4. Can we use daptomycin for the treatment of intracellular Staphylococcus 

aureus infections? 
Despite of the poor cellular accumulation of daptomycin within cells, we have observed 

that this agent achieves a significant reduction of the intracellular inoculum of a daptomycin- 

susceptible strain of S. aureus (isolate ATCC 25923). This observation, already reached from 

previous studies dealing with S. aureus- infected polymorphonuclear neutrophils16, reinforces 

our earlier conclusions that cellular accumulation is not per se a predictive factor of antibiotic 

activity in the cellular milieu. Pending a more detailed analysis of daptomycin distribution 

within macrophages (only in vivo studies have been earlier performed, and report a main 

distribution of this agent within the lysosomes of the proximal tubular cells), these 

observations open up new perspectives to evaluate the potential in vivo relevance of this 

finding.  

   

Secondly, we have shown that transporters belonging to the MDR-1 subfamilly may 

partially defeat the cellular accumulation and potency of daptomycin against intracellular 

forms of S. aureus, in relation with their level of expression. Inhibitors of these transporters 

(verapamil or elacridar) have also be shown to potentiate both the pharmacokinetic (increase 

of drug accumulation) and pharmacodynamic (decrease of EC50) properties of daptomycin, 
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without affecting the intracellular growth of the bacteria. Moving now to the chemotherapeutic 

significance of our observations, these findings open up new perspectives for the 

extrapolation of these results to the in vivo situation. A possible caveat, however, is that the 

concomitant use of daptomycin and P-gp inhibitors may increase the likelihood of severe 

daptomycin-induced myopathy. Because we still ignore whether these side-effects may occur 

upon administration, the design and/or selection of new lipopeptides showing a lack or a 

weak recognition by P-gp transporters appear to us as a more useful and safer approach.     

 
5. Do we need to reconsider the treatment of intracellular S. aureus 

infections? 
The inability of phagocytes to rapidly and completely destroy intracellular S. aureus after 

phagocytosis plays an important role in the dissemination of infections, as well as in the 

favorable transport of the pathogens across vascular and non-vascular compartments. As 

described earlier18,21,168,225, conventional anti-staphylococcal agents are considerably less 

effective intracellularly than against their extracellular counterparts. Our studies performed on 

recent clinical isolates recovered from presumed intracellular environment (such as heart 

valves) extend these observations to various antibiotics, and show that the pharmacological 

model described earlier by Marcia-Bacay and colleagues18 is also valid for our clinical 

isolates. This loss of Emax is probably crucial, because it probably accounts for several 

aspects of relapsing staphylococcal infections.  

 

These in vitro studies have also yielded a number of interesting and important findings. 

Firstly, we show that (i) a phenotype of resistance to rifampicin (a commonly used 

antimicrobial agent against difficult-to-treat bacterial infections) makes the drug completely 

ineffective intracellularly, despite its huge cellular accumulation; (ii) a phenotype of resistance 

to vancomycin and daptomycin makes both drugs poorly active against intracellular forms, 

even if used at concentrations far above the MICs. Considering now the efficacy of agents 

that are not affected by resistance mechanisms (gentamicin, fusidic acid, linezolid), we have 

secondly noticed a generally low intracellular potency of these agents when used against 

intracellular bacteria. Taken together, this low intracellular potency of presently available 

antimicrobial agents probably accounts for treatment failure, and suggests why the infected 

tissues, eventually, had to be removed surgically.  

 

Finally, our studies have also documented the superiority of novel agents 

(quinupristin/dalfopristin and oritavancin) against these intracellular bacteria, regardless of 

their resistance phenotype. In this context, selecting molecules with low MIC values and 
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extended activity against the intracellular forms of S. aureus (high Emax) appears to be 

straightforward approaches. Analysis of the pharmacodynamic properties of antibiotics in 

appropriate models of infected cells (i) may rationalize their use for future in vivo studies, (ii) 

and may help in directing future research to select in vitro more potent derivatives.  

 

6. Do we need to reconsider the use of vancomycin against intracellular 
S. aureus? 
Vancomycin treatment failure and slow clinical response have long been reported in the 

setting of recurrent and persistent S. aureus infections, such as endocarditis (10 to 20 % of 

treatment failure)23. Although vancomycin is still considered as a first line antibiotic against 

MRSA in the hospitals, poor clinical outcomes have been documented with both susceptible 

and resistant strains (VISA, hetero VISA [hVISA]).  

 

 
Fig. D.1. Comparative evaluation of (i) the susceptibility of S. aureus to antibiotics 
(vancomycin, quinupristin-dalfopristin, and oritavancin) and (ii) the activity of antibiotics 
against intracellular forms of S. aureus (24 h incubation) at a concentration equivalent to the 
human Cmax described in the literature (vancomycin, 50 mg/L; quinupristin-dalfopristin, 10 
mg/L, and oritavancin, 40 mg/L).  
 

All of these observations are highly relevant to our findings, since we have shown that (i) 

vancomycin is only poorly active intracellularly (affecting both Emax and static dose), 

compared to extracellularly), (ii) isolates with reduced susceptibility to vancomycin are 
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associated with a significantly impaired activity of this agent against intracellular forms 

(Fig.D.1). In this context, it must be emphasized that the lack of vancomycin bactericidal 

effect may be an important determinant in the emergence of isolates with decreased 

susceptibility to vancomycin. Therefore, the possibility that vancomycin may have limited 

activity should be borne in mind when selecting an anti-staphylococcal agent in the setting of 

recurrent and persistent illnesses.  

 
7. Can we define the ideal antibiotic? 

The choice of antibiotics against intracellular pathogens is of immediate clinical 

importance. In the ideal situation, an antibiotic should eradicate bacteria from tissues sites, 

including those localized in intracellular compartments. By defining the pharmacological 

basis governing the antibacterial activity of antibiotics in the intracellular milieu, we can 

assume that the ideal antibiotic should (i) have a broad antimicrobial coverage (including 

bacteria showing a variety of resistance mechanisms) and not only kill extracellular bacteria, 

but also intracellular ones, (ii) readily enter cells (lack or weak recognition by eukaryotic 

efflux transporters), (iii) have the same subcellular distribution than S. aureus to tightly bind 

its intracellular target, (iv) express extensive activity in the intracellular milieu (low MIC values 

at acidic pH, fast and extensive killing), (v) have a selective toxicity (no adverse effects on 

human), (vi) promote optimal immune functions, and (vi) require no additional surgery.  

 

 

 

. 
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CIRCULAR DICHROISM  
 
1. Introduction (See for review : 123,282) 

Circular dichroism (CD), a spectroscopic method similar to the optical rotatory dispersion 

(ORD), allows the determination of the structural integrity of proteins and biomolecules using 

the far-UV spectra. This spectroscopic procedure measures, as a function of wavelength, the 

differential absorption of left-handed and right-handed circularly polarized light of an optically 

active chromophore. This kind of technique, that can discern the subtle differences between 

enantiomers, is therefore highly sensitive to the three-dimensional features of molecules 

(hence, its conformation).  

 

2. Theory of Circular Dichroim 
Plane polarized light consists of two circularly polarized components of equal intensity. In 

each component, the electric vector rotates about the direction of propagation, undergoing a 

full rotation in a distance equal to the wavelength of the light. The absorption of unpolarized 

light by a sample is described by the absorbance (A), defined as:  

 

A = log (Io/I) 

 

Where Io is the intensity of the incident light, and I is the intensity after that the light has 

travelled a distance l. According to the law of Lambert-Beer, the absorbance is given by the 

following equation:  

 

A = ε c l 

 

Where ε is defined as the molar extinction coefficient, and c is the molar concentration. In 

the same way, the molar extinction coefficients can be defined for the right-hand (rcpl) and 

left-hand (lcpl) circularly polarized light.  The molar circular dichroism (∆ε) is represented by 

the following equation:  

 

∆ε = ε left - ε right = (A left- A right)/cl 

 

Therefore, the molar circular dichroism is defined as the difference between the extinction 

coefficients for the two types of circularly polarized light. Most instruments are, however, 

calibrated in terms of molar ellipticity (Θ, units: degree cm²/dmol), an alternative measure of 
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CD, that represents the angle whose tangent is the ratio of the minor and major axes of the 

ellipse.  

 

Θ = 32.98 ∆ A  

 
In order to eliminate the effects of path length and concentration, the molar ellipticity is 

defined as: 

 

[Θ] = (100.Θ) / lc = 3298 ∆ε  

 

3. Instrumentation 
Light from a monochromator is linearly polarized, then passes through a modulating 

device which converts the plane-polarized light to circularly polarized light and alternating 

between lcpl and rcpl at the modulation frequency. Because the incident light is modulated 

between left and right circular polarization, the light intensity detected by the photomultiplier 

will also be modulated at the same frequency if the sample exhibits chiral properties.  

 

Buffers, salts and other additives must be selected with care for far-UV measurements 

(10 mM phosphate or Tris can be tolerated). In addition, it is essential to run a baseline CD 

spectrum for all the added coumpounds (e.g., antibiotics), and substract them from the 

spectrum of the sample. The baseline should be run under the same conditions (solvent, 

incubation time, …) as the sample.   

 

4. Applications 
Circular dichroim measurements are used for the determination of macromolecules 

conformation, such as polynucleotides, DNA, polypeptides and proteins. The analysis of CD 

spectra to obtain information about protein secondary structures has been reviewed 

extensively. Firsty, the strongest and most characteristic spectrum is that of α-helix, which 

has two negative bands of comparable magnitude near 222 and 208 nm, and a stronger 

positive band near 190 nm (Fig.A.1). Secondly, peptides adopting the β-sheet conformation 

have a less intense and simpler spectrum compared to α-helix, with negative bands near 217 

nm and 180 nm, and a positive band near 195 nm (Fig A.1). Conversely, β-turns occur over 

an even wider range of conformations, which can give rise to a variety of CD spectra (most of 

β turns should give a CD spectrum which resembles that of β-sheet). Finally, the CD spectra 
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of unordered polypeptides are characterized by a strong negative band near 200 nm 

(Fig.A.1) 

 

 
Fig.A.1. Circular dichroism spectra of specific secondary structures 
(http://www.cryst.bbk.ac.uk/PPS2/course/section8/ss-960531_21.html).  

 

5. Advantages and drawbacks 
5.1. Advantages 

Circular dichroism is a relatively fast and cost-effective (~ 200 µL of a protein solution of 

1 to 100 µM) procedure to gain insight of protein conformation. CD analysis of secondary 

structure is valuable because (i) it is, in essence, non-destructive (allowing the recuperation 

of the sample for further experiments), and (ii) less labor-intensive compared to X-ray 

diffraction or multidimensionnal NMR. This technique allows also the evaluation of structural 

changes (pH-, temperature-, concentration- dependence) in the timescale of seconds. In this 

context, the effects of mutations or denaturants can be studied, and the kinetics of protein 

folding and unfolding can be investigated much easily by CD procedure.  

 

5.2. Drawbacks 
CD procedures determine only an average secondary structure. In consequence, there 

is no information about which part of the molecule adopts a certain conformation. 

Additionally, CD spectra can only be performed with single, purified proteins. 
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Staphylococcus aureus est un germe redoutable fréquemment associé à des 

pathologies graves, récurrentes et persistantes, probablement en raison de sa survie dans  

un environnement intracellulaire (phagocytes professionnels et non professionnels). 

Néanmoins, cet élément est trop rarement pris en compte dans les choix thérapeutiques.  

 

Notre travail de thèse s'est inscrit dans la problématique expérimentale de l'infection 

intracellulaire par S. aureus et de l'activité des antibiotiques dans des modèles de cellules 

infectées par des souches sensibles ou multi-résistantes. En premier lieu, nous avons 

développé des modèles stables d’infections intracellulaires en utilisant à la fois (i) des types 

cellulaires susceptibles de représenter des situations pathologiques où la persistance de 

S. aureus est démontrée (macrophages, cellules endothéliales, kératinocytes, cellules 

épithéliales bronchiques), et (ii) des isolats de S. aureus potentiellement multi-résistants aux 

antibiotiques. Dès lors, ces modèles nous ont permis d’étudier l’activité d’antibiotiques 

(molécules conventionnelles vs. molécules nouvelles) par une approche pharmacologique. 

Dans un deuxième temps, ces modèles nous ont permis d’évaluer l’influence de 

l’environnement intracellulaire sur l’activité de ces différents antibiotiques. En outre, nous 

avons mis en évidence que, premièrement, le pH acide intracellulaire (phagolysosomes) 

permet de restaurer l’activité des antibiotiques de la classe des β-lactames vis-à-vis de 

souches résistantes à ces agents antimicrobiens (souches MRSA pour Methicillin-Resistant 

S. aureus). Le mécanisme sous-jacent à cette restauration d’activité a été étudié au niveau 

moléculaire et a permis de mettre en évidence que la Penicillin-Binding Protein2a (PBP2a), 

une PBP de faible affinité pour les β-lactames, subit à pH acide des modifications 

conformationnelles permettant son acylation par les β-lactames. Deuxièmement, nos travaux 

ont mis en évidence que la daptomycine, un nouveau lipopeptide anti-MRSA, est le substrat 

de la pompe à efflux P-glycoprotéine (P-gp, un des représentants principaux des 

transporteurs ABC), ce qui reduit son accumulation cellulaire, et en conséquence, son 

activité vis-à-vis des formes intracellulaires de S. aureus. Dès lors, ces résultats mettent en 

évidence le rôle majeur de ces transporteurs eukaryotes dans la modulation des propriétés 

pharmacocinétiques des antibiotiques, et dès lors, de leurs propriétés pharmacodynamiques.  

 

Par ces travaux, nous avons mis en évidence que ces modèles expérimentaux 

d’infections intracellulaires sont des outils précieux pour déterminer l’activité d’antibiotiques 

vis-à-vis de S. aureus (étant donné que celle-ci ne peut être déduite de facteurs 

microbiologiques ou de l’accumulation cellulaire des antibiotiques), et nous suggérons 

vivement l’application de ces modèles cellulaires dans l’évaluation pré-clinique de nouveaux 

antibiotiques.  
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Staphylococcus aureus is an aggressive organism often associated with severe, 

recurrent and relapsing illnesses, probably due to its intracellular survival within cells 

(professional vs. non-professional phagocytes). Nevertheless, this intracellular niche is not 

fully taken into consideration when selecting appropriate anti-staphylocccal treatment.  

 

In this thesis, we have focused our interest on the survival of S. aureus within cells 

and on the intracellular activity of antibiotics against these intracellular forms (sensitive vs. 

multi-drug resistant S. aureus). In the first part of this thesis, we have developed stable 

models of cellular infections, using (i) diverse cell types susceptible to mimic pathological 

situations for which persistence of S. aureus has been reported (macrophages, endothelial 

cells, keratinocytes, bronchial epithelial cells), and (ii) multi-drug resistant isolates of 

S. aureus.  These cellular models have been extensively used for the determination of the 

intracellular activity of antimicrobials (old molecules vs. novel molecules) following a 

pharmacological approach. 

 

In the second part of this thesis, we have used our cellular models to determine 

whether the cellular milieu may modulate the intracellular pharmacokinetic and 

pharmacodynamic properties of antibiotics. Firstly, we have highlighted that the acidic pH 

prevailing in the phagolysosomes may restore the susceptibility of Methicillin-Resistant 

S. aureus (MRSA) to β-lactams. The mechanism underlying this process has been widely 

studied at the molecular level, and we have demonstrated that the Penicillin-Binding Protein 

2a (PBP2a), a low-affinity PBP for β-lactams, undergoes at acidic pH conformational 

changes allowing its acylation by β-lactams. Secondly, we have demonstrated that 

daptomycin, a novel anti-MRSA lipopeptide, is a substrate of P-glycoprotein (P-gp) 

transporters (one of the main representant of ABC transporters), which may affect its 

accumulation within cells, and therefore, its intracellular activity. These data underline the 

major role that efflux plays in the modulation of pharmacokinetics of drugs, and hence, of 

their pharmacodynamics.  

 
By these observations, we may conclude to the usefulness of cellular models to 

determine the intracellular activity of antibiotics (since this latter can not be simply deduce 

from microbiological parameters (MICs, killing curves in broth) or cellular accumulation) and 

we suggest the implementation of such models in the early development of novel 

antimicrobials. 
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