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ABSTRACT

S. aureus is responsible for persistent and recurrent infections, where intracellular
forms of the bacteria may play a central role. In the present study, we have developed an in
vitro model of intracellular infection of THP-1 macrophages by S. aureus over 24 h, in an
attempt to delineate the cellular pharmacokinetic and pharmacodynamic parameters

governing the intracellular activity of antibiotics.

We first compared 16 antibiotics of seven different pharmacological classes in terms
of intracellular accumulation and activity towards the extracellular and intracellular forms of a
fully susceptible strain of S. aureus. We showed that there is no direct correlation between
the intracellular activity of a drug and its capacity (a) to accumulate in macrophages or (b) to
exert intracellular activity. Pharmacological comparisons showed that the intracellular E,ax
was systematically lower than the extracellular one, and that intracellular potencies are either
similar or lower than the extracellular ones. At an extracellular concentration corresponding
to their Cmax (total drug) in humans, only oxacillin, quinolones (levofloxacin, garenoxacin,
moxifloxacin), and new hemi-synthetic glycopeptides (oritavancin and telavancin) had truly
intracellular bactericidal effects.

On these bases, we compared the intracellular activity of telavancin against different
strains of S. aureus with well-defined resistance mechanisms (MSSA [methicillin-susceptible
S. aureus), MRSA [Methicillin—resistant S. aureus)], VISA [Vancomycin-intermediate
S. aureus], and VRSA [Vancomycin-resistant S. aureus]). Telavancin showed time- and
concentration-dependent bactericidal activity against both extracellular and intracellular
S. aureus whatever their resistance phenotypes. Intracellularly, the bactericidal activity of
telavancin was less intense than extracellularly. A bimodal relationship with respect to
concentration was observed for MSSA and MRSA both extra- and intracellularly, which could
indicate multiple mechanisms of action for this drug. In parallel, we demonstrated that
telavancin accumulates to high levels in the lysosomal compartment of macrophages,
probably by a mechanism of adsorptive endocytosis. This high cellular concentration,
however, is not accompanied by the accumulation of phospholipids and cholesterol observed

previously for another hemi-synthetic glycopeptide, oritavancin.

The model developed here therefore appears useful for the early evaluation of the
activity of antibiotics towards the intracellular forms of S. aureus and the determination of the

cellular pharmacokinetic and pharmacodynamic parameters which may affect their activity.
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Aim of the thesis

S. aureus is an opportunistic and also a highly pathogenic bacterium, able to cause
life-threatening infections not only in the hospital environment but also in the community. In
fact, after 60 years of continuous antibiotic battling against it, this bacterium has been
reestablished as a very dangerous pathogen. In general, staphylococcal infections share a
common problem: the choice of the optimal antibiotic treatment to eradication. This is further
complicated by

(a) the ability of the bacteria to develop or acquire many mechanisms of resistance,
including the horizontal acquisition of foreign genetic material
(b) its ability to survive inside the host cells (both phagocytic and non phagocytic),

causing persistent or recurrent infections.

The first aim of the thesis was to develop an intracellular model of infection by S. aureus

using human macrophages. We selected macrophages cells because of their relevant long-

life span and importance in fighting of infection.

We then used this model

= to study and compare the intracellular activity of antibiotics (molecules currently used
for the treatment of S. aureus infections as well as molecules in development)

. to delineate the cellular pharmacokinetic and pharmacodynamic parameters governing

this activity.

To be able to compare all antibiotic classes in a single model, we selected a wild-type strain
of S. aureus characterized by the absence of resistance mechanisms. The drugs were
examined in a pharmacodynamic perspective, meaning that we systematically explored the

influence of the time and of the concentration on their activity.

The second aim of the thesis consisted in examining in details the cellular

pharmacodynamics and pharmacokinetics of telavancin, a promising glycopeptide in
development.

To this effect, we extended our model to multiresistant strains and examined the
accumulation and distribution of this glycopeptide within eukaryotic cells (both phagocytic

and non phagocytic).
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Introduction

1. STAPHYLOCOCCUS AUREUS:

1.1.Taxonomy and biology
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Kingdom: Bacteria
Phylum: Firmicutes
Class: Bacilli
Order: Bacillales
Family: Staphylococcaceae
Genus: Staphylococcus
Species: Staphylococcus aureus

FIGURE 1. Scanning electron microscopy of Staphylococcus aureus
[Center for Control Disease (CDC) Public Health Image Library]

S. aureus is a potentially pathogenic bacterium found in the nasal membranes, skin, hair
follicles and perineum of warm-blooded animals. Today, it is the leading cause of human
infections worldwide, not only in the hospital environment but also in the community.
S. aureus has about 2,600 genes and 2,8 millions base pairs (bp) of DNA in its chromosome.
Mobile genetic elements, such as pathogenicity islands, plasmids and phages can also
constitute part of the species genome. Genetic variation in S. aureus is very extensive, with
approximately 22% of the genome comprised of dispensable genetic material.

The genus Staphylococcus contains 37 species, 16 of which are found in humans. The
most virulent species for man in the genus include S. aureus (131).

Staphylococci were formerly classified in a common genus with Micrococci spp. (20) until
recently when it was grouped with Bacillus spp. on the basis of ribosomal RNA sequences

(5). Subsequently, about 50% of the S. aureus genome shares homology with non-
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pathogenic sporulating Bacillus subtilis, indicating that the two organisms are quite close and
have evolved from a common ancestor (149). As opposed to Micrococci, Staphylococci have
low guanine/cytosine content and peptidoglycan-bound teichoic-acids in their cell wall
structure (186).

1.2. Biochemical properties

S. aureus is distinguished from other species on the basis of positive results of catalase,
coagulase, mannitol-fermentation, and deoxyribonuclease tests. The bacteria can use
galactose and lactose as energy sources, and as such is a notorious cause of bovine and
ovine mastitis (11,188); and food poisoning via contaminated food, dairy related especially.
Staphylococci together with Streptococci are members of a group of bacteria known as the
invasive pyogenic cocci, since they can cause various suppurative or pus-forming diseases
in humans and other animals (186).

On microscopic examination, S. aureus appear as gram-positive spherical cocci cells,
between 0.5 to 1.7 ym in diameter, non-motile and non-spore forming, arranged in grape-like
clusters, hence their name, from the Greek term staphyle and aureus for its distinctive
‘golden” colour. The bacteria form characteristic smooth and translucent yellow-gold
colonies, owing to the production of triterpenoid carotenoids located in their cell membrane
(115). These pigments not only give S. aureus its characteristic colour but also shield the
bacteria from the action of toxic oxidants from polymorphonuclear cells (PMN) and
phagocytes (53).

More than 90% of clinical isolates of S. aureus elaborate polysaccharidic capsules, among
which 11 serotypes have been reported (246). Capsules type 5 and type 8 S. aureus have
been found in up to 75% of clinical infections. However, about 20% of human isolates and up
to 86% of bovine strains of S. aureus have been so far non-typable (57). In addition, the
capsule protects the bacteria from phagocytosis.

Lysozyme, a muramidase enzyme present in various host tissues (mucous membranes,
respiratory and intestinal tracts) and fluids (serum, saliva, and tears) do not kill S. aureus.
This resistance may contribute to its ability to colonize skin and mucosal tissues such as the
anterior nares (31).

Outside a host, the bacteria can withstand numerous environmental stresses, as desiccation,
variable pH, osmotic stress, starvation, heat shocks or high temperatures (< 50°C) and are
considerable salt tolerant, thus able to grow in the presence of concentrations of salt that
normally inhibit most other bacteria ( < 15% NaCl). Being so resistant, this bacterium can be
found throughout the natural world from dust to door knobs and is common even in the most

cleanest health care facilities.
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The remarkable ability of S. aureus to acquire useful genes from various organisms has been
revealed through homology alignment and phylogenetic trees. The evidence of repeated
lateral and horizontal gene transfers (including plasmids) to and from distantly related
organisms includes homologues in vertebrates, other bacterial species and even plants
(149).

In addition, a large number of mobilizable exogenous DNA stretches, including insertion
sequences, transposons, bacteriophages and pathogenicity islands (also referred to as
genomic islands) that contain specific determinants responsible for disease and antibiotic
resistance have been identified.

Overall, the staphylococcal cell wall plays an important role for the bacteria’s strength and
success (186). As in many gram-positive bacteria, the peptidoglycan (PDG) in S. aureus is a
cross-linked polymer forming a layer or wall outside the plasma membrane. It consists of
repeating and alternating layers units of two aminosugars N-acetylglucosamine (NAG) and
N-acetylmuramic acid (NAM), linked together to glycine aminoacids in a pentapeptide bridge.
In this crooslinking, a peptide bond is formed between a D-alanine on one chain and the free

amino end of an L-lysine residue on the other chain (Figure 2).

L-alanine
D-glutamine

L-lysine

@ o0 e O

D-alanine
eseee Pentaglycine bridge

@  N-acetylmuramic acid (NAM)

o N-acetylglucosamine (NAG)

FIGURE 2. Basic structure of S. aureus peptidoglycan.

The individual PDG units are produced inside the cell, but the final crosslinking is catalysed
outside the cytoplasmic membrane by a group of membrane-anchored bacterial enzymes

known as the cell-wall transpeptidases or penicillin binding proteins (231).
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1.3. Pathogenicity

S. aureus is a major human pathogen (100), able to colonize and infect humans of all genetic
backgrounds (149). In fact, humans are its natural reservoir. However, it can also colonize a
variety of members of the animal kingdom, including diverse mammals, reptiles, birds and
fish. Infection models in lower organisms, such as insects (Drosophila melanogaster) and
worms (Caenorhabditis elegans), have been described as well (190,243). Both wild-type
S. aureus and some mutated strains are persistent colonizers (108).

The heterogeneity of the infections caused by S. aureus is linked to the extreme complexity
of its genome and to its unique plasticity to adapt to a great variety of environments and
living creatures, including antibiotics and the human immune system (108,253).

Overall the bacteria is the leading overall cause of nosocomial infections and as more
patients are treated outside the hospital setting, it is an increasing concern in the community
(104,168).

1.3.1. Host colonization

In order to colonize a host, and depending on their growth phase, the bacteria are able to
produce and regulate a number of pathogenic proteins, such as surface proteins to colonize
host tissues, factors that probably inhibit or affect normal phagocytosis (capsule,

immunoglobulin, binding protein A), invasins and toxins that damage host tissue.

1.3.1.1. Surface proteins

The synthesis of many of these proteins is controlled by regulatory genes (186). Surface
proteins such as protein A and a number of adhesins serve the bacteria to colonize the host

and cause disease.

1.3.1.1.1. protein A

Staphylococcal Protein A (Spa) is a major surface protein of S. aureus strains (99). It
initially inhibits phagocytic engulfment but then it also allows the bacteria to interact with
several host components, such as immunoglobulins (G, A and E), platelets adhesion factor in
sites of endothelial damage (von Willebrand factor), etc.

Spa provides the bacteria with a protective coating (immunological disguise) allowing it to

bind to the Fc portion of host IgG and thus be opsonised and enter phagocytes. S. aureus is
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also able to utilize other host cell receptors, including serum factors (the subunit of the third
complement system C3b), and possibly other complement receptors and coreceptors to be

opsonised and internalized by phagocytes cells (270).

1.3.1.1.2. Adhesins

The bacteria can produce around 20 different potential cell wall associated proteins called
adhesins or cell adhesion molecules (CAMs), with the ability to adhere to a wide range of
host proteins and interact with host extracellular matrix (ECM) components. Adhesins in
S. aureus are present in all isolates and encoded on the chromosome. They are
reassembled under the acronym MSCRAMM, for microbial surface components recognizing
adhesive matrix molecules. Many MSCRAMMSs have not yet been identified or characterized.
However, most of the microbial adherence factors found in the bacteria are mainly of
proteinic (polypeptides) or polysaccharidic (carbohydrates or sugars) nature (206). They
basically confer adherence to a variety of host proteins (79,80). @ Among them, cell-
associated protein clumping factor (CIf) A and B and fibrinonectin-binding protein A (FNBPA),
play an important role in experimental endocarditis, and collagen binding protein, in
osteoarthritis (207,214,215). Coagulase, extracellular adherence protein (Eap), extracellular
matrix and plasma proteins (Emp) are also important (121).

Bacterial adherence is supported by cell surface components (cell adhesion molecules:
CAMs) and extracellular matrix (ECM) like several plasma proteins (34,125), fibrinogen,
fibronectin (FN), prothrombin, collagen, fibrinogen/fibrin, elastin, vitronectin, laminin, von
Willebrand factor, as well as plasma proteins; vitronectin, thrombospondin, bone sialoprotein,
hemin, decorin and heparan sulphate-containing proteoglycans, immunoglobulins, integrins
(asP1) cadherins (4,124,244), etc.

1.3.1.2. Secreted proteins

Once bacteria have adhered to the target host cell, they can modulate the secretion of
proteins like cytotoxins or invasins. These are exoenzymes (leukocidin, hemolysins,
nucleases, proteases, lipases, kinases, hyaluronidase and collagenase), able to destroy host
tissues while at the same time permitting spread and conveying nutrients to the invading
bacteria.

S. aureus has a minimum of four unrelated hemolysins referred to as alpha (a), beta (B),
gamma (y) and delta (8)-hemolysins, in the order of their discovery (75). Alpha-hemolysin
(alpha-toxin) is the most potent membrane-damaging toxin of the bacteria; platelets and

monocytes are the most sensitive to it. Alpha-hemolysin and delta-hemolysin are pore-

10
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forming toxins, able to cleave the phospholipids content of the host cell membranes. Beta-
hemolysin is a shingomyelinase that damages membranes rich in this lipid, however most
human isolates do not express this toxin. Gamma-hemolysin is a major cytolysin, with
activity against erythrocytes from many species. A few homologues of y-hemolysin have
been described, such as the two-component toxin, reported in 1932 by Panton and Valentine
(PV leukocidin) (138). Gamma-hemolysin is produced by virtually all strains of S. aureus
while PV leukocidin is found in only a few strains. It is encoded by mobile phages and can be
transferred among other strains (139).

PVL causes important leukocyte destruction and tissue necrosis. It is produced by less than
5% of S. aureus strains isolates, but epidemic clones are more and more frequently reported
(129,173). They are frequently associated with abscesses, furunculosis, arthritis, or severe
hemorrhagic pneumonia, including in young adults and children, and with high mortality rate
(107,181).

1.3.1.3. Staphylococcal toxins

Other secreted proteins of the bacteria are the staphylococcal toxins. They include the
exfoliative toxins that produce staphylococcal scalded skin syndrome (SSSS) and the
staphylococcal enterotoxins (SE), small peptides (six serotypes so far, SEA, B, C, D E, H)
involved in food poisoning and toxic shock syndrome (TSST) (186).

TSST-1 and SEs are the paradigm of a large family of pyrogenic exotoxins called
superantigens (SAgs) (179). The bacteria can cause TSS by the release of superantigens
into the blood stream. All these proteins are known to have potent effect on cells of the
immune system, and other biological effects still not well understood. TSST-1 and SE are
also known as pyrogenic toxin superantigens (PTSAgs), involved in the induction of the
proliferation of T-lymphocytes.

Staphylococcal food poisoning is due to the absorption of staphylococcal enterotoxins

preformed in the food.

11
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TABLE 1. summary of the factors involved in the bacteria pathogenesis

ACTIVITY/FUNCTION PRODUCT GENE
Anti-immune, antiphagocytosis Protein A Spa
Polysaccharide capsule type 5 Cap5
Polysaccharide capsule type 8 Cap8
Collagen binding Collagen BP cna
Fibronectin binding Fibronectin BPA FnbA
Fibronectin BPB fnbB
Fibrinogen binding Clumping factor A clfA
Clumping factor B clfB
Lactoferrin binding Lactoferrin BP LBP
Hemolysins, cytotoxin a-Hemolysin hla
B-Hemolysin hib
0-Hemolysin hid
y-Hemolysin hlg
Leukolysin PVL leukocidin’ lukS/F
Food poisoning, TSS Enterotoxin A sea
Enterotoxin B seb
Enterotoxin C sec
Enterotoxin D sed
Enterotoxin H seh
Scalded skin syndrome Exfoliatin A Eta
Exfoliatin B etb
Toxic shock syndrome Toxic shock toxin-1 tst
Putative protease Serine protease-like SplA-F
Spreading factor V8 protease Ssp
Spreading factor Hyaluronidase Hys
Spreading, nutrition Staphopain (protease II) Scp
Glycerol ester hydrolase geh
Lipase (butyryl esterase) lip
Nutrition Nuclease Nuc
Fatty acid esterification FAME Fme
Pl-phospholipase C Pic
Clotting, clot digestion Coagulase Coa
Plasminogen activator Staphylokinase Sak
Processing enzyme? Metalloprotease (aureolysin) Aur
Cysteine protease sspB

12
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1.3.2. Intracellular character

S. aureus has long been considered exclusively an extracellular pathogen (167). However,
many studies have pointed to its remarkable ability to survive and replicate intracellularly
(38). The ability of S. aureus to escape host immunity and then establish a cell-niche, are

actually crucial steps in its pathogenesis (166,167).

PHAGOCYTOSIS

1) attachment to
phagocyte ’s
membrane

2) ingestion
(phagosome)

3) fusion lysosome
and phagosome

4) bacterial
destruction

5) digestion
and
release
of microbial
debris

FIGURE 3. The normal process of phagocytosis: S. aureus is able to miss out steps 3 and 4
and reside intracellularly (45). (Adapted from www.whfreeman.com)

1.3.2.1. Internalization

Normally macrophages and other leukocytes cells in the host eliminate invading bacteria by
a process called phagocytosis.

Phagocytes pull the bacteria into phagosomes, which eventually fuse with lysosomes forming
a phagolysosome where the organisms are destined for destruction. There, the bacteria are
exposed to a number of toxic chemicals and enzymatic agents, among which reactive
oxidative intermediates such as superoxide anions and hydrogen peroxide, a low pH, and
degradative proteases.

Bacteria bind to cell surface integrins, cadherins and immunoglobulin-related host cell

adhesion molecules, which triggers their internalization (101,102,123).

13
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1.3.2.2. Intracellular survival

At the present time, the mechanisms allowing for the intracellular survival of S. aureus have
not yet been fully established (98,167). In non-phagocytic cells, with low defence
mechanisms, S. aureus is able to escape from phagolysosomes and multiply in the cytosol. It
also causes the death of these cells by apoptosis (29,183,195). In contrast, in phagocytic
cells, S. aureus seems to remain confined within vacuoles of the phagocytic apparatus
(113,216). In this compartment, however, its multiplication is slowed down but not impaired
by the acidic pH (60). S. aureus is also known to produce enzymes degradating oxidant
species (catalase, hydroperoxide reductase, superoxide dismutase [55,56]), which may

contribute to protect it intracellularly.
1.3.2.3. Cell types affected
S. aureus has been shown to be internalized “in vitro” and “in vivo” by different mammalian

cells including professional phagocytes and non-phagocyte cells, where it is able to survive

and multiply (Table 2).

;ﬁﬁl‘;ﬁ ?).ointing to the ability of S. aureus to survive intracellularly in different host cell types
INFECTED REFERENCES
CELL-TYPE
Epithelial cells 11,29,54,67,79,80,242
Mammary epithelial cells | 29,38,281
Enterocytes 127
Keratinocytes 143,182,195
Osteoblasts 85,86,132
Fibroblasts 148
Endothelial cells 169,215,267,269,283,284
Neutrophils 38,38,83,113,204,205
Macrophages 240

1.3.2.4. Small-colony variants (SCVs)

In the intracellular milieu, S. aureus can switch to a phenotype known as small-colony

variants (SCV’s) that provides marked advantages for survival, among which are

14
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anaerobiosis and reduced growth rate (3,52,147,167). In fact, SCV’s demonstrate a number
of characteristics that are atypical to S. aureus and linked to interruption of electron transport
(276); they also present an altered antibiotic sensitivity (52), being most notably resistant to
aminoglycosides (28). SCV’s are auxotroph and can revert to normal growth and
morphology in the presence of menadione and hemin, thiamine, or CO, rich culture medium
(211,212).

Based on these characteristics, SCVs should always be suspected in indolent and recurrent
infections and are increasingly implicated as a cause of persistence, recurrence, and
antibiotic resistance in many clinical cases, including lung, bone, skin, wound, cystic fibrosis,
and foreign body infections (1,37,137,163,278). Importantly in this context, SCV’s apparently
allows the bacteria to remain intracellular in a dormant metabolic state for months or even
years, which could actually explain the persistent character of S. aureus infections
(272,274,275,277).

1.3.3. infections in humans

Nasal carriage of S. aureus is considered to be a key risk factor for development of
staphylococcal infection (273). Three bacterial carriage patterns have been distinguished in
the healthy adult population: about 20% of individuals are persistent S. aureus carriers;
around 60% are intermittent carriers and 20% are persistent non-carriers (186). So far and
based on currently available information, there are insufficient data to confirm or refute the
existence of host-bacteria genotypes that predispose to carriage (47).

However, studies comparing carriage- and infecting isolates of S. aureus have found that
individuals are usually infected with their own carriage isolate. In fact, the temporary
eradication of these carriage, has been shown to reduce nosocomial infection in

immunocompromised patients (145).

1.3.3.1. Skin-related infections

S. aureus is a leading cause of many skin-related infections including keratitis, atopic
dermatitis, carbuncles, cellulites, impetigo, psoriasis, furuncles, follicles, mastitis, etc.

In most cases, a minor rupture of the skin or mucosal barrier may allow the internalization of
the bacteria forming an abscess enclosing a central core of pus containing not only the

bacteria but also neutrophils and macrophages (186).

15



Introduction

1.3.3.2. Deep-seated infections

Once the bacteria have broken down the natural skin barrier, they can disseminate into more
profound sites or migrate directly into the blood. Thus any localized infection has the
potential to become the seeding ground for a more severe spread (186).

S. aureus is able to cause deep-seated related threatening systemic infections such as
endocarditis, osteomyelitis, pneumonia, bacteremia and septic shock (186) in which
intracellular foci are probably present. Hospital-device-associated equipment may also allow

staphylococci access to adjoining tissues or the bloodstream.

1.3.3.2.1. Osteomyelitis

S. aureus is responsible for 70% of human osteomyelitis, 80% of cases of joint infections in
patients with rheumatoid arthritis and is a common agent in other bone associated diseases
(156). It can invade and persist within osteoblasts causing rapid tissue destruction via the
production of toxins (86).

Antibiotic resistant strains and their intracellular localisation make successful treatment of

osteomyelitis very difficult (84,85).

1.3.3.2.2. Endocarditis

S. aureus is a virulent pathogen with a unique capacity to cause difficult-to-eradicate
endovascular infections. This facility relies in part on his affinity to colonize and invade
endothelial cells and endovascular tissue and its ability to resist killing by platelet microbicidal
peptides (285). A number of cellular changes result from these progression including the
release of proinflammatory cytokines and the expression of Fc receptors and adhesion
molecules. These cellular alterations may play a crucial role in initiating and amplifying the
inflammatory response, which results in a magnified endothelial cell injury (244).

The bacteria are responsible for about 70% of cases of endocarditis in intravenous drug

users and more than 30% cases of native valve endocarditis (187).

1.3.3.2.3. Pneumonia

Once staphylococci are in the lung, they multiply and sometimes invade the epithelium of the
bronchioles (67). The production and release of cytokines and chemokines, including IL-8,
due to the presence of S. aureus elicit infiltration of PMNs and macrophages, leading to

tissue damage and subsequent pneumonia. It has been found responsible for about 10% of
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community-acquired pneumonia and about 30% of cases of hospital acquired-pneumonia.
Incidence is high especially in patient’s over-75 years at nursing homes.

A necrotizing pneumonia caused by PVL leukocidin-positive S. aureus in otherwise healthy
children and young adults are now recognized as a new nightmare, since the lethality rate is

very high. S. aureus is also a major pathogen in cystic fibrosis patients (112,226).
1.3.3.3. Bacteremia and septic shock

The frequency of the presence of bacteria in blood-stream has increased over the past
decades. S. aureus bacteremia still carries a 20-25% mortality rate.

Staphylococcal sepsis and septic shock result from the overproduction of inflammatory
mediators as a consequence of the interaction of the host immune system with the bacteria
and its wall constituents. The increasing frequency of S. aureus sepsis is vastly linked to the
increased use of invasive equipment on persons with a weakened immune system and the
ability of the bacteria to easily colonize intravascular catheters or surgically implanted
materials (259).

The cellular events leading to septic shock are similar in staphylococcal infection and
infections with gram-negative bacteria. S. aureus and S. epidermidis are responsible for half
of cases (259).

1.3.4. Major phenotypes of antibiotic resistance

S. aureus possesses a remarkable ability to develop resistance to antibiotics. It started

shortly after the introduction of penicillin, a beta-lactam antibiotic, into clinical use.
1.3.4.1. Beta-lactam resistance

All beta-lactam antibiotics have a common element in their molecule structure: a four-atom
ring (cyclic amide) known as a beta-lactam. Beta-lactams antibiotics are analogous of D-
Alanyl-D-Alanine, the terminal aminoacid residues of the precursor NAM/NAG-peptide
subunits of the nascent PDG layer. This structural similarity facilitates their binding to the
active site of the penicillin binding proteins (PBPs) and prevents the final crosslinking of the
nascent PDG layer, disrupting cell wall synthesis, causing cell lysis and death. The inhibition

of PBPs also leads to the activation of autolytic enzymes in the bacteria cell wall.
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FIGURE 4. Common core of beta-lactam antibiotics (beta: to denote four-membered ring
size), (lactam: grammatical blend from lactone plus amide).

Staphylococci have at least two major mechanisms for resistance to beta-lactam antibiotics.
The first one is the production of beta-lactamases also known as penicillinases, enzymes
that hydrolytically destroy beta-lactams rendering the antibiotic ineffective, and the other is
the intrinsic expression of a new PBP, called penicillin binding-protein 2A or PBP2A, which
has low affinity for present beta-lactam compounds and make the bacteria resistant to
inhibition by all currently available beta-lactam antibiotics (162) .

Methicillin-Sensitive-S. aureus (MSSA) is the term used to denote the bacteria susceptibility
to all beta-lactams including beta-lactamase inhibitors combinations, cephems and
carbapenems.

A less known and understood form of penicillin resistance mechanism in S. aureus is
tolerance to the bactericidal effects beta-lactam antibiotics (172,223,225). It is manifested in
strains deficient in autolytic enzymes due to an excess of autolysin inhibitors and causes
cross-tolerance to the killing effects of other cell wall inhibitors such as vancomycin (172).
Bacteriophages have also been implicated on the conversion of non-tolerant organisms to

tolerance (225).

1.3.4.1.1. BlaZ- Penicillin resistance: beta-lactamase production

The introduction of penicillin in the early 1940s dramatically improved the prognosis of
patients with staphylococcal infections (172). In fact, penicillin G still remains one of the best
choices for the fully susceptible strains (MIC = 0.01 pg/ml).

However, as early as 1942, penicillin-resistant staphylococci were recognized, first in
hospitals and subsequently in the community. These penicillin-resistant (MIC = 0.25 ug/ml),

oxacillin-susceptible strains (MIC < 2 ug/ml) are resistant to beta-lactamase-labile penicillins
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but susceptible to other beta-lactamase stable penicillins, beta-lactamase inhibitor
combinations, cephems and carbapenems.

The staphylococcal resistance to penicillin can be found inherently present on the bacterial
chromosome or may be acquired via plasmid transfer. It is mediated by the blaZ gene that
encodes a beta-lactamase enzyme when the bacteria are exposed to beta-lactam antibiotics,
opening the beta-lactam ring and forming inactive penicilloic acid and thus, rendering the
beta-lactam antibiotic inactive. By the late 1960s, more than 80% of both community- and
hospital-acquired staphylococcal isolates were resistant to penicillin. At the present time,

beta-lactamase-dependent resistance is found in > 95% isolates (166).
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FIGURE 5. Induction of beta-lactamase synthesis in the presence of the beta-lactam
penicillin:. The presence of penicillin in the extracellular medium stimulates the
transmembrane sensor-transducer BlaR1 to autocatalytic activation. Active BlaR1 cleaves
Bla into inactive fragments, allowing transcription of both blaZ and blaR1 to commence.
Beta-lactamase, the extracellular enzyme encoded by blaZ is produced and hydrolyzes the
beta-lactam ring of the penicillin antibiotic rendering it inactive. (Adapted from 168).

1.3.4.1.2. PBP2A mediated-resistance

In the late 1950’s new beta-lactam semi-synthetic compounds were developed and became
available. They were stable to the action of BlaZ mediated penicilinase and hence
categorized as penicillinase-stable penicillins. The group includes methicillin, oxacillin,
nafcillin, flucloxacillin, and dicloxacillin, methicillin being the prototype (92,114).

Methicillin use in the 1960’s was rapidly followed by reports of mutants being resistant to the
whole new group of beta-lactams and from the 1970s to today, MRSA has become the main

cause of nosocomial infection worldwide and created great clinical difficulties for treatment
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on a global scale (103). S. aureus strains resistant to this group of antibiotics are known as
methicillin-resistant isolates or MRSA (178), even though methicillin is no longer the agent of
choice for testing or treatment.

MRSA are by definition not inhibited by less than 25 pg/ml methicillin, whereas ordinary
strains are usually inhibited by 1.6 to 3.2 pg/ml (224). They are also oxacillin resistant (MIC
2 4 ug/ml), hence also named ORSA. Multiresistant MRSA (MDR-MRSA) have been defined
as S. aureus isolates with a MIC for oxacillin at 24 ug/ml and with four or more additional

resistances (74).

MRSA resistance is mediated by the bacterial acquisition of a novel mobile genetic element,
designed SCC (Staphylococcal-Chromosomal—Cassette) or mec chromosomal mecA gene
that codes the alternative supplementary target protein PBP2A, with low affinity for beta-
lactams, including cephalosporins, carbapenems and beta-lactamase inhibitor combinations.
MecA is a large 20- to 65-Kb mobile element in S. aureus. Moreover, the cassette have also
been found to act as a trap for additional unrelated drug resistance genetic determinants,
thereby leading to multiple resistances. SCCmec consists of the mec gene complex,
containing mecA and the mecA regulatory genes, and the cassette chromosome
recombinase (ccr) complex, which encodes a recombinase(s) responsible for SCCmec
movement. The SCC elements are classified according to the type of recombinase they carry
and their general genetic composition. SCC types LI, lll, IV and V have been described and
SCC lacking mecA have also being reported (120). In addition, this mechanism of resistance

seems to be shared with induction of a gene(s) in the penicillinase plasmid (257).

Beta-lactam antibiotic PBP2A production

b Operator region

< v

>

FIGURE 6. Mechanism of S. aureus resistance to methicillin: Synthesis of PBP2A proceeds
in a fashion similar to that described for beta-lactamase. mecl and Blal have corregulatory
effects on the expression of PBP2A and beta-lactamase. Exposure of mecR1 to a beta-
lactam antibiotic induces mecA activation. MecR1 inactivates mecl, allowing expression of
PBP2A.

In MRSA, the PBP2A acts as a surrogate enzyme able to perform both transpeptidase and

transglycosylase activities of the normal four PBPs of the bacteria (210).
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The lateral and then horizontal gene transfer of mecA, has played a fundamental role in the
evolution of S. aureus (94). Several clones with different types of SCCmec have been
reported, such as type IV found mainly in Community-MRSA (CA-MRSA) in Australia and the

United States and types | to lll being prominent in the Hospital-MRSA setting (HA-MRSA)
(170).
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Figure 7: Schematic circular diagrams of the MRSA252 and MSSA476 chromosomes.
This comparative genome approach between an epidemic MRSA clone (MRSA252) and an
invasive MSSA (MSSA476) illustrates the role of accessory elements in the rapid evolution of
the bacteria (130).

Hospital-acquired MRSA constitutes 25-50% of clinical isolates all over the world (74). It has
reached more than 40% in Europe (166,168). In Belgium MRSA accounts for 25-30%
(EARSS data, figure 8). Between 1997 and 1999 MRSA was found to be the most prevalent
cause of bloodstream infection, skin and soft-tissue infection and pneumonia in hospital
cases in USA, Canada, Latin America, Europe and the Western regions (73), see graph
below. Today is though that MRSA kills more americans than HIV, mainly because of
hospital practices of no screening for MRSA in blood donors or MRSA asynthomatic carriers
entering their presmises (The New York Times, Novembre 14™ 2006).
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FIGURE 8. Percentage of MRSA resistance in Europe in 2004: S. aureus proportion of
invasive isolates MRSA in 2004 (Data from the European antimicrobial resistant surveillance
system, EARSS).

Strains of S. aureus exhibiting either beta-lactamases or PBP2A directed resistance, or both,
have unfortunately already established a considerable ecological niche among humans. So
far today, the frequencies of both community-acquired and hospital-acquired staphylococcal
infections have increased steadily, with little change in overall mortality from the pre-antibiotic
era. Multitude of factors that include the widespread and sometimes inappropriate use of
antimicrobials, not only in humans but also extensive use of these agents as growth
enhancers in animal feed and husbandry, together with the increase in regional and
international travel, facilitates the relative ease with which antimicrobial-resistant bacteria

cross geographic barriers (166,168).

A typical MRSA possesses several insertion sequences with antibiotic resistance genes (see
Table 3 for typical examples). Thus, MRSA resistance may encompass cell wall inhibitors
such as B-lactams, ribosomal inhibitors including macrolide-lincosamide-streptogramin-B-
(MLSg), aminoglycosides, tetracyclines, fusidic acid, and the new oxazolidinones, the RNA
polymerase inhibitor rifampin, the DNA gyrase blocking quinolones, and also the

antimetabolite trimethoprim-sulfamethoxazole (25).
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TABLE 3. MRSA likely resistance genes and products (adapted from 168).

ANTIBIOTICS RESISTANCE GENE GENE PRODUCT

beta-lactams blaZ Beta-lactamase
mecA PBP2A

quinolones parC ParC (or GrlA) component of topoisomerase IV
GyrA or gyrB GyrA or GyrB comoponents of gyrase

aminoglycosides
(gentamicin)

Aminoglycoside-
modifying enzymes
(aac, aph, ant)

Acetyltransferase,

Phoshotransferase

Nucleotidyl transferase

bleomycin bleO Beomycin resistance protein
erythromycin, ermA rRNA methylase
pristinamycins
tetracyclines tetM TetM efflux protein
glycopeptides Unknown (VISA) Altered PDG

VanA D-Ala-D-Lac

ansamycin (rifampin)

rpoB

Mutation in beta-subunit RNA polymerase

trimethoprim-
sulfamethoxazole

(TMP-SMZ)

Sulphonamide: sulA

Dihydropteroate synthase

TMP :dfrB

Dihydrofolate reductase (DHFR)

oxazolidinones

m

23rRNA

quinupristin-dalfopristin
(Q-D)

Q: ermA, ermB, ermC

Ribosomal metylases

D: vat, vatB

acetyltransferases

oxazolidinones

mn

23S rRNA

1.3.4.1.2.1. MRSA-Hospital acquired: HA-MRSA

Methicillin-resistant Staphylococcus aureus (MRSA) is responsible for the largest outbreak of
hospital-acquired infection that the world has ever seen (111). MRSA hospital isolates are
multiresistant and clonal, they are associated with risk factors including recent hospitalization
or surgery, living in a nursing home, and having an indwelling catheter or device. The
prevalence is highly variable among geographical regions, ranging from 2 to 40 % between
North and South European countries (248), with about 30 % in Belgium . Early diagnostic
and strict hygiene measures appear therefore as the best strategies to control their
spreading (164,249).

1.3.4.1.2.2. MRSA-Community acquired: CA-MRSA
Although originally confined to the hospital environment, MRSA have emerged in community-
acquired infections (170). As compared to hospital acquired MRSA, CA-MRSA carry a

distinct molecular makeup; they are less resistant but more virulent and invasive (50,77)
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They are frequently found in young, healthy patients without significant health care contact,
especially in populations with close physical contacts (sport teams, prisons [140,203]).
Although both HA-MRSA and CA-MRSA harbour an SCCmec carrying the mecA gene, their
SCCmecs are of quite different sizes and most likely of different origin. Thus, the two types of
organisms are not alike. Furthermore, clinical and molecular epidemiology indicates that they
represent two separate evolutions of the strain. CA-MRSA may represent a hybrid between
HA-MRSA, which escaped from the hospital environment, and the more easily treatable
community organisms. These hybrids strains have in turn acquired new virulence factors,
which make their infections after only minor cuts or scrapes, more aggressive and invasive
(25). The prevalence rates of CA-MRSA vary widely among studies, in part because of the
use of different definitions to distinguish between CA-MRSA and HA-MRSA, but also
because of the different settings in which studies have been performed (It should be noted
that relatively few studies have been conducted among randomly selected healthy members
of the community, most studies being based on hospitalised patients, or patients upon
admission to the hospital, which has probably resulted in an overestimation of the 'true'
prevalence of CA-MRSA. [146]). Thus, prevalence of CA-MRSA was about 30 % among
MRSA isolates from hospitalised patients, but only 0.2% among community members (228).
hospitalised patients, but only 0.2% among community members ().

The main features that distinguish CA-MRSA from HA-MRSA is their susceptibility to other
classes of antimicrobial agents, their genetic diversion from HA-MRSA (including toxins), and
the inclusion of new markers including Panton-Valentine Leukocidin (PLV) and SCC MEC

type IV (See Figure 9).

HA-MRSA CA-MRSA
Two major groups
. 5 n.la‘]or .gObal clones: CA-MRSA without risk factors,
Historic, Iberian, E-MRSA 15, (MW2)
Non American, Pediatric CA-MRSA with risk factors (spa |
and 7, HIV positive)

Multi-drug resistance
SCCmec types I, IL, 111, TV, Reduced drug resistance,
Numerous genetic backgrounds: SCCmec type IV,
(spa type 2, most common) Few genetic backgrounds: (Spa

. .o . type 131
Infection sites: multiple and 1/7 most common)

Toxins, multiple Infection sites: Skin and soft tissues
Toxins: SEC, PLV, SEH

@ HA-MRSA E

\ CA-MRSA

FIGURE 9: major differences between HA-MRSA and CA-MRSA (adapted from [49])
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1.3.4.1.2.3. Beta-lactams anti- MRSA in development

The consensus that beta-lactam antibiotics are inherently more efficacious than vancomycin
against MSSA has prompted more research on the field. MRSA resistance to beta-lactams
depends upon the supplementary peptidoglycan transpeptidase PBP2A that has low affinity
for these compounds. PBP2A does not lack affinity for beta-lactams but the beta-lactam
compounds developed so far have low affinity. So, it is though that in principle beta-lactams
can be re-engineered to bind beta-lactams strongly. On this basis, new anti-MRSA
compounds with improved affinity towards PBP2A have been designed (162). Studies of
MRSA strains have shown that PBP2A can be effectively blocked by beta-lactams with
improved affinities for PBP2A and stability against degradation by staphylococcal
penicillinase (87) and hence restore beta-lactam affinity. These new compounds include
carbapenems and cephalosporins (162), in particular LB11058, ceftobiprole (formerly
BAL9141, Ro 63-9141), RWJ-54428 (MC-02,479) (51,279). New developmental anti-MRSA
carbapenems include SM-197436, SM-232721 and SM-232724 (258). Faropenem and
doripenem carbapenems also include MRSA in their spectrum (35,114,116,235).

1.3.4.2. Vancomycin-resistance

Vancomycin and teicoplanin are still the only glycopeptide antibiotics approved to treat multi-
resistant bacterial strains in human use (260,264).

In sensitive S. aureus strains these large hydrophilic molecules are able to form a five-point
hydrogen bond interactions with the terminal D-alanyl-D-alanine moieties of the N-
acetylmuramic acid (NAM)/ N-acetylglucosamine (NAG)-peptide subunits preventing the

incorporation of these subunits into the peptidoglycan matrix (PDG) (17,219). See Figure 10.

Teicoplanin is not used in the USA, but vancomycin has been widely used orally to treat
Clostridium spp. and Enterococcus spp. infections (106,189).

S. aureus has already developed different ways to overcome the action of these antibiotics.
One of them includes the tolerance of the bacteria to continue to survive in presence of
glycopeptides at clinical relevant doses (16,17,61); the other depends on the acquisition of
genetic material from a transposon found in the vancomycin resistant Enterococcus spp.
(109). We therefore also get an insight into glycopeptide resistance in Enterococcus spp.
(Table 4).
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FIGURE 10: Hydrogen bonding interaction in vancomycin susceptible (left) and vancomycin
resistant (right) bacteria (17).

1.3.4.2.1. Vancomyecin resistance in Enterococcus spp: VRE

Among enterococci, six types of acquired glycopeptide resistance have been described
(VanA, VanB, VanC, VanD, VanE, and VanG; Table 4); they are named based on their
specific ligase genes (e.g., vanA, vanB, etc.) (61). A related gene cluster, vanF, has been
found in Paenibacillus popilliae strains (formerly Bacillus spp.), a vancomycin-resistant
biopesticide used in the United States which could be the progenitor of the resistance genes

acquired by enterococci (61).

TABLE 4. Vancomycin MIC (ug/ml) ranges for vancomycin and teicoplanin resistant
enterococci phenotypes (17,61).

Glycopeptide-resistant-enterococci
VANCOMYCIN (MIC pg/ml)

VanA VanB VanC VanD VanE VanG

64 - >1000 |4 - 1024 2-32 128 16 16

TEICOPLANIN (MIC pg/ml)

VanA VanB VanC VanD VanE VanG

16 - 512

I\

0.5 < 0.5 4 0.5 05
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In resistant strains a novel cell wall precursor with reduced glycopeptide affinity is
synthesized, a hydrogen bond is lost in the five-hydrogen interaction pocket and the antibiotic
looses 1000X times affinity. The new dipeptides of the PDG wall are not then D-ala-D-ala
but D-Ala-D-Lac or D-Ala-D-Ser, depending of the genetic material (17). See Figure 10.

1.3.4.2.1.1. the vanA operon

The most common genotype of vancomycin and teicoplanin resistance (vanA) in
enterococcus arises as the result of the horizontal acquisition of operons (transposon
Tn1546) carrying genes coding for enzymes for the synthesis of PDG with low affinity
precursors (the C-terminal D-Ala residue is replaced by D-lactate), resulting in 4-point

hydrogen bonding interaction and 1000 times-fold decrease in vancomycin affinity (17,61).

Glycopeptides in the medium l

PO, intracellular
PO,

:—:> H[\ VanA[\ vanX )~

: VanR[\ vanS van / /
PvanR / P vanH ‘
Response Sensor ?-Ifctgte D-Ala-D-Lac = D-Ala-D-Ala
regulator ré) utcmg ligase dipeptidase
reductase
\ N\ /
regulation resistance

FIGURE 11. VanA-type resistance in enterococcus (109). In the presence of glycopeptides in
the medium, a two-component regulatory system is activated. Phosphorylation of the sensor
VanS, activates the response regulator gene VanR for the transcription of the corresponding
enzymes vanH, vanA and VanX. Consequently the bacteria form a modified PDG with
reduced affinity for vancomycin and survive.

This vanA phenotype requires a five-gene-resistance-cassette (Figure 11) to be assembled
in a transposon (embedded in a plasmid) for a re-programming of the enzymes that make the

D-ALa-D-Ala terminus of the peptidoglycan precursor. What is more, one of the enzymes in
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the genetic package (VanX) also eliminates the high-affinity precursors (D-Ala) that are

normally produced by the bacteria and thus removes the vancomycin-binding target.
1.3.4.2.2. Resistance in S. aureus

There are at present two known phenotypes of resistance, which confer to the bacteria the

ability to survive to the action of the conventional glycopeptides.
1.3.4.2.2.1. Vancomycin intermediate resistance: VISA

MRSA strains with four- to eightfold increase in the MICs of vancomycin, decreased
susceptibility to teicoplanin and significant thickening of the cell wall have started to appear in
last decade. They are known as vancomycin intermediate S. aureus or VISA. The exact
mechanism and genetic basis underlying the decreased susceptibility to vancomycin of VISA
isolates is a subject of active investigation (234). Furthermore, they can already be
generated in the laboratory by serial passage of the MRSA strains in the presence of
vancomycin (15,16,168).
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FIGURE 12. Vancomycin susceptible bacteria (left panel). Proposed VISA mechanism (right

panel). The bacteria produce an increased number of precursors with thickening of PDG.
Vancomycin does not fully reach its target. (adapted from 166,168).

Potential mechanisms of resistance in VISA include increases in cell wall precursors that

lead to an increase of non-cross-linked D-alanyl-D-alanine side chains. These extra residues
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appear to trap glycopeptides, keeping them from reaching their actual target sites near the

cytoplasmic membrane. (Figure 12).

1.3.4.2.2.2. Heteroresistant- VISA :

Another form of decreased susceptibility to vancomycin and teicoplanin in S. aureus is a
phenomenon called heteroresistance. These heteroresistant strains are considered
precursors of VISA isolates (16,97,247).

They are defined as strains of S. aureus that contain subpopulations of vancomycin-resistant

hetero- VISA, hVISA

daughter cells but for which the MICs of vancomycin for the parent strain are 4 pg/mil.

While infection with VISA remains a rare event, data suggests that heteroresistance (hVISA)
may be a more common that has been overestimated because of the lack of reliable
methods of detecting it (159). Detection of VISA is difficult in the laboratory, so that their
prevalence is probably underestimated (prevalence ranging between ~ 50 % to more than
20 % in Japan or in special populations like liver transplant recipients [222]). Breakpoints are

given in Table 5.

TABLE 5
Interpretative criteria (ug/ml) for MIC testing of S. aureus and vancomycin
Susceptible Intermediate Resistant
BSAC <4 b >8
CLSL (2004) <2 4-8 > 16
SFM <4 8-16 > 32
SRGA <4 o >8
CDC (2006) <2 4-8 > 16
Interpretative criteria (ug/ml) for MIC testing of S. aureus and teicoplanin
Susceptible Intermediate Resistant
BSAC <4 i >8
CLSI <8 16 > 32
SFM <4 8-16 > 32
SRGA <4 i >8

BSAC, British Society for Antimicrobial Chemotherapy
CLSI, Clinical and Laboratory Standards Institute
SFM, Société Francaise de Microbiologie

SRGA, Swedish Reference Group for Antibiotics

So far, none of the VISA strains has been found to carry the vancomycin-resistant genes
found in enterococci. However, both VISA and VRSA have a delayed growth and coagulase

reaction. Morphologically their colonies often look smaller than susceptible counterparts

(247).
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1.3.4.2.2.3. Vancomycin resistant S. aureus : VRSA

In contrast to the chromosomally mediated resistance for VISA strains, the VRSA strains
acquire resistance by conjugal transfer of the vanA operon from an Enterococcus spp.
bacteria (168). See Figure 13.

E. faecalis . aureus

FIGURE 13. Scheme illustrating the conjugal transfer of Enterococcus faecalis
genes to S. aureus.

The reports of infections caused by vancomycin-resistant S. aureus (VRSA) are of great
concern because they reflect both complete vancomycin resistance and a very different and
efficient mechanism for its dissemination. At the present time, however, only a very small

number of these strains have been isolated in the clinics (16).

1.4. Conclusion

This first chapter has highlighted that the treatment of infections caused by S. aureus need to
take into account many issues, among which the multiplicity of the resistance mechanisms it
can harbour and its capacity to persist in the organism, probably as a consequence of its
ability to survive within eucaryotic cells.
The next chapters will therefore focus on
(a) the current knowledge we have of the cellular pharmacokinetics and
pharmacodynamics of antibiotics as predictors of their potential efficacy towards
intracellular bacteria, and
(b) the properties of anti-staphylococcal antibiotics pertinent of their potential activity

towards intracellular bacteria.
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2. ANTISTAPHYLOCOCCAL ANTIBIOTICS

2.1. Anti-staphylococcal breakpoints

Table 6 summarizes the CLSI breakpoints of susceptibility of a selected group of antibiotics
frequently used to treat staphylococcal infections and the percentage of resistance so far

reported.

TABLE 6. Antibiotic breakpoints (CLSI) and % resistance in S. aureus.

ANTIBIOTICS (target) molecules MIC (pg/ml) MIC (ug/ml)
sensitive resistant
BETA-LACTAMS penicillin G <0.12 =0.25
(PDG synthesis) penicillin V <0.12 20.25
ampicillin <0.25 =0.5
oxacillin <2 >4
nafcillin <2 >4
GLYCOPEPTIDES vancomycin <2 216
(PDG synthesis) teicoplanin <8 232
oritavancin <1 >8
telavancin <0.5 =8
MACROLIDES azithromycin <2 =8
(Protein synthesis) telithromycin <1 24
AMINOGLYCOSIDES gentamicin <4 216
(protein synthesis)
OXAZOLIDINONES linezolid <4 =8
(protein synthesis)
ANSAMYCIN rifampin <1 >4
(RNA polymerase)
QUINOLONES ciprofloxacin <1 24
(DNA synthesis) levofloxacin <1 >4
moxifloxacin <0.5 22
garenoxacin <1 >4

Data from CLSI, 2000 and 2006, MIC testing, Supplemental tables, M100-S10 (M7) and
(264)

2.2. Epidemiology of resistance in S. aureus

Table 7 shows a global view of the S. aureus resistance to the main classes of antibiotics in
Europe. It is based on a surveillance study run from 1997 to 1999 in 25 university hospitals
from different countries, which examined 3051 isolates and classified their resistance to
different antibiotic classes according to their methicillin—resistance phenotype. In this study,

the percentage of MRSA span from 2 % in the Netherlands to 58 % in an Italian hospital, a
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value of 25 % was recorded in the Belgian hospital participating to the survey. More recent
global European data are unfortunately not available, but the global trend should be the
same at the present time. This table shows that resistance in MSSA is mainly directed
towards beta-lactams and is related to the production of beta-lactamases, but that it does not
markedly affect the other classes of drugs, except macrolides to some extent. In MRSA, the
picture is very different, with extremely high percentage of resistance to macrolides,

fluoroquinolones, lincosamides, aminoglycosides, and to a lower extent, rifampicin.

TABLE 7: Percentage of susceptibility to antibiotics in MSSA and MRSA from European
hospitals (95)

class drug % susceptible % susceptible
MSSA MRSA
Beta-lactams penicillin 15.4 not applicable
ampicillin 16.1 not applicable
amoxicillin-clavulanate 94.8 not applicable
glycopeptides vancomycin 100 100
macrolides erythromycin 77.5 4.8
lincosamides clindamycin 93.7 23.3
aminoglycosides gentamicin 94.6 22.8
tetracyclines doxycycline 97.7 85.2
synergistins synercid 95.3 99.5
ansamycins rifampicin 97.4 46.1
fluoroquinolones ciprofloxacin 90.6 9.2

2.3. Antibiotic choice

Table 8 shows the suggested antibiotic choice for S. aureus infections according to the
phenotype of resistance.

The main pharmacokinetic and pharmacodynamic properties of these drugs, which are
pertinent for our experimental studies, will be developed in the third chapter of the

introduction.
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TABLE 8. Antimicrobial therapy for S. aureus infections.

PHENOTYPE OF RESISTANCE

ANTIBIOTICS OF CHOICE
(including drugs in clinical development)

Penicillin-labile sensitive
S. aureus

Narrow spectrum penicillins (pen G, pen V)

Penicillin-resistant,
oxacillin/methicillin sensitive
S. aureus

Narrow-spectrum penicillinase-resistant penicillins (methicillin,
oxacillin, nafcillin, dicloxacillin; ampicillin, amoxicillin plus beta-
lactamase inhibitors (clavulanic acid, tazobactam or sulbactam),
cephalosporins, carbapenems

Penicillin or oxacillin sensitive, but
patient with Beta-lactam allergy

Macrolides (azithromycin, telithromycin, etc)

Quinolones (ciprofloxacin, levofloxacin, moxifloxacin,
garenoxacin, etc)

MRSA

Vancomycin, teicoplanin, linezolid, pristinamycin;

or synergistic combinations: vancomycin plus rifampicin plus
gentamicin ; rifampicin plus fusidic acid ; trimethoprim plus
sulfamethoxazole ; fluoroquinolones plus rifampicin

VISA Linezolid, tigecycline, quinupristin/dalfopristin,
new investigational drugs: telavancin, oritavancin, dalbavancin,
daptomycin, (investigational cephems (i.e: ceftobiprole) and

carbapenems)

VRSA

As for VISA, except for dalbavancin (135)

data from www.ppidonline.com

2.4. Hemi-synthetic glycopeptides in development as
promising compounds for multiresistant S. aureus

infections.

The many traits of the evolved antibiotic-resistance phenotypes of S. aureus have re-
established the bacteria as a major human pathogen and highlight the importance of finding
novel therapeutic approaches (26,262,264).

Over the past 20 years, extensive research has been performed on the chemical modification
of glycopeptides. There have been over a hundred different glycopeptide antibiotics identified
in the fermentation broth of various bacteria. Virtually all have a heptapeptide core of seven
amino acid residues with sugar substituents at various positions.

Telavancin and oritavancin are the two hemi-synthetic derivatives of vancomycin, and
dalbavancin is a teicoplanin derivative currently in clinical development. They are considered

as promising on the basis of their improved activity and safety profiles (26,158,199-201).
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FIGURE 14. chemical structure of conventional glycopeptides, and of their hemi-synthetic
derivatives in clinical development (260)

The most salient feature of these hemisynthetic derivatives is the presence of a lipophilic
chain (as already present in teicoplanin). Structure-activity relationships suggest that this
lipophilic chain confers to glycopeptides additional modes of action (10,264), in particular a
capacity to anchor in the bacterial membrane (30), which could contribute to confer to them a
bactericidal character, but also to maintain their activity against strains resistant to
conventional glycopeptides (264). Table 9 compares the in vitro activity of conventional and
new glycopeptides.

This lipophilic chain also increases the binding of the drugs to serum proteins, prolonging
their half-life to the point that they can be administered once-a-day (oritavancin, telavancin,
or even once-a-week (dalbavancin). Table 10 compares the pharmacokinetics of

conventional and new glycopeptides.
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TABLE 9: in vitro activity of conventional and new glycopeptides (260).

In vitro activity (MIC oq) of glycopeptides against selected target Gram-positive bacteria [32**,48-51].

Bacterial species Resistance status MIC g0 (mgrL)
Vancomycin Oritavancin Telavancin Teicoplanin Dalbavancin
S. aureus MSSA 1to 2% 1 0.5 1to 4% 0.06 to 0.125
MRSA 1to 4% 11to 2% 0.5to 1* 2 to 8% 0.06 to 0.25
VISA 8 1to 8 2 2
GRSA =128 0.5 2
S. epidermidis MSSE 1to2® 2 0.5 4to 8° 0.25
MRSE 21to 47 1 1 8 to 167 0.25
S. pneumoniae PenS 0.5 0.008 0.016 0.06 to 0.125% 0.03 to 0.06
PenR 0.25° to 0.5% <0.002° 0.03° 0.03
Enterococcus spp VanS 1 0.5 0.5t0 1% 0.12
VanA =128 to 256" 1to 4% 4 to 8% >32 to >128% > 128
VanB 128 0.125 2 1

“Range based on MICgp values reported in different studies. PMIC 50
GRSA, glycopeptide-resistant S. aureus; MRSE, methicillin-resistant S. epidemidis; MSSA, methicillin-susceptible S. aureus;
MSSE, methicillin-susceptible S. epidermidis; PenR, penicillin resistant; PenS, penicillin susceptible; spp, species.

TABLE 10: pharmacokinetic properties of conventional and new glycopeptides (260).

Pharmacokinetic parameters for glycopeptides at doses pertinent of their use in humans
(or the foreseen doses for molecules in development).

Parameter (units) Glycopeptide and dosage
Vancomycin Oritavancin Telavancin Teicoplanin Dalbavancin
(15 mg/kg) (3 mg/kg) (7.5 mg/kg) (6 mg/kg) (15 mg/kg)

Cmax (mg/L) 20-50 31 89 43 312

vd (L/kg) 0.3 0.1 0.9-1.6 0.11

Protein binding (%) 10-55 90 90-93 90 98

Terminal half-life (h) 4-8 360 7 83-168 149

AUC (mg.h/L) 260 152 600 550 27103

“This breakpoint corresponds to the higher MIC for which a free AUC/MIC ratio of 125 or a free Cmax/MIC (for concentration-dependent drugs)
of 10 can be reached based on a conventional daily dose (note that for new glycopeptides, these values may be underestimated because

the presence of serum proteins does probably not fully impair their activity). AUC, area under the curve; Cmax, maximal concentration

in the serum (peak level); Vd, distribution volume.

2.4.1. oritavancin

Oritavancin (LY333328) is the first clinical candidate of this “second generation
glycopeptides”. It results from a N-alkyl modification on one of the sugars of the
heptapeptide core of the naturally occurring glycopeptide chloreremomycin (LY264826), a
chlorobiphenyl substitution (59). This modification confers remarkably good activity against
vancomycin-resistant Enterococci (VRE), VRSA and PRP.

The spectrum of action of the molecule includes multi-resistant strains of S. aureus,
S. epidermidis, S. pneumoniae and S. pyogenes, VanA E. faecalis and E. faecium and also
the intrinsically vancomycin-resistant species of E. gallinarum and E. casseliflavus (33).

The most remarkable characteristic of oritavancin is its rapid and persistent concentration-
dependent bactericidal activity, a property that distinguishes it from vancomycin, linezolid and
quinupristin-dalfopristin, and its insensitivity to widespread resistance in Enterococcus spp.
Oritavancin prolonged half-life allows for daily administration (32). Noteworthy, it reaches an

exceptional cellular accumulation in the lysosomes of eucaryotic cells, in which it penetrates
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by a process of endocytosis (262). In these cells, it also causes a mixed storage disorder,
characterized by the deposition of heterogeneous material and the accumulation of polar
lipids (263). Whether these observations may affect the safety of the molecule is unknown.

The molecule is now in Phase IlI clinical trials for the treatment of skin and skin structures

infections.

2.4.2. dalbavancin

Dalbavancin (BI397) is a semi-synthetic derivative derivative of the teicoplanin related
glycopeptide A40926 (176).

The amide appendage and the alteration of the hydrophobic acylglucosamine substituent of
the heptapeptide core confers the molecule with a spectrum of activity that covers many
multi-resistant bacterial species, being particularly effective against S. epidermidis but
opposed to oritavancin, marginally against Enterococcus spp (41).

Its high-level serum protein binding (98%) adversely affects the antibacterial activity of the
molecule but prolongs its half-life and its retention in the tissues, so that it can be
administered on a once-a-week basis in 2-week treatment course (76).

The company has now been granted priority review status by the FDA for the treatment of

MRSA complicated skin and soft tissue infections.

2.4.3. telavancin

Telavancin (TD-6424) is another semi-synthetic derivative of vancomycin, characterized by
an hydrophobic side chain on the vancosamine sugar (decylaminoethyl) and a
phosphonomethylaminomethyl substituent on the cyclic peptidic core (150). The latter
substituent counterbalances to some extent the hydrophobicity brought by the lipophilic side
chain, explaining why the half-life of the drug is shorter than that of oritavancin despite a
similar protein binding (150,241).

The mechanism of action of telavancin has been explored in details. The drug was found
capable of inhibiting the synthesis of fatty acids and phospholipids required for integrity of the
bacterial, but also of directly depolarizing and permeabilizing the bacterial membrane (128),
which may help to explain its highly concentration-dependent and rapid bactericidal activity,
including against strains resistant to conventional glycopeptides (142). Its spectrum of
activity is thus globally comparable to that of oritavancin. Telavancin has also been shown to
have a long postantibiotic effect (PAE) of about 4 h against S. aureus MSSA, MRSA and
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VISA (150,199,200). In addition, studies exploring the effect of pH, serum and inoculum size
on telavancin's activity showed that all these parameters only poorly affect the in vitro activity
of the drug (154,200).

In animal models of thigh or subcutaneous infection, meningitis, and endocarditis caused by
MRSA or even by VISA, telavancin confirmed its highly concentration-dependent bacterial
activity (126,175,251).

In phase Il randomized double-blind clinical trials of complicated skin and skin structure
infections, telavancin 10 mg/kg once daily showed higher cure and eradication rates than
vancomycin when MRSA was the causative organism (250). In 2005, telavancin was
granted fast track designation by the FDA for the treatment of hospitally-acquired pneumonia
caused by MRSA or multiresistant Streptococcus pneumoniae, as well as of MRSA-
associated complicated skin and skin structure infection (199), based on results from Phase

[l studies (completed in September 2006).
Telavancin as well as oritavancin, therefore appear as promising molecules for the treatment

of multi-resistant S. aureus infections. Examining whether they could also be active against

intracellular bacteria is one of the goals of the present work.
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The treatment of intracellular infections requires the use of
antibiotics presenting appropriate cellular pharmacokinetic and
pharmacodynamic properties. These properties, however,
cannot be predicted on the simple basis of cellular drug
accumulation and minimum inhibitory concentration in broth.
In most cases, intracellular activity is actually lower than
extracellular activity, despite the fact that all antibiotics reach
intracellular concentrations that are at least equal to, and more
often higher than the extracellular concentrations. This
discrepancy may result from impairment of the expression of
antibiotic activity or a change in bacterial responsiveness
inside the cells. It therefore appears important to evaluate the
intracellular activity of antibiotics in appropriate models.

Keywords Antibiotics, cellular accumulation, cellular
pharmacodynamics, cellular pharmacokinetics, intracellular
infection

Abbreviations

AUC Area under the concentration-time curve
Crnax Peak plasma concentration

MBC Minimal bactericidal concentration

MIC Minimal inhibitory concentration

MRP Multiple drug-resistance protein

PK/PD Pharmacokinetics/ pharmacodynamics
Introduction

Over the last few years, much concern has been raised
regarding the optimization of antibiotic use, owing to the
worrying increase of bacterial resistance and to the scarcity
of new antibiotic classes under development [1]. In this
context, progress in the field of anti-infective pharmacology
has led to the emergence of a new discipline, referred
to as pharmacokinetics/pharmacodynamics (PK/PD) of
antibiotics, which is defined as the 'discipline that strives to
understand the relationships between drug concentrations
and effects, both desirable (eg, bacterial killing) and
undesirable (eg, side effects)' [2]. Over the past 15 years,
three key PK/PD parameters have been elaborated (Figure 1;
for reviews, see references [3] to [6] or [7ee]), which examine
how antibiotic concentrations reached in body fluids over
time (as predicted from the pharmacokinetic profile of the
drug) compare with potentially effective antibiotic
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concentrations (as deduced from the minimal inhibitory
concentration (MIC) or minimal bactericidal concentration
(MBC) of antibiotics in vitro). The first parameter, time at
which concentration is > MIC (t > MIC), links bactericidal
effects to time and is critically dependent on the half-life of
the drug, dosage and frequency of administration over a
given time period. The second parameter, peak plasma
concentration (Cmax)/MIC, relates bactericidal effects to
concentration, and is primarily dependent on the unit dose
and the volume of distribution of the drug. The third
parameter, area under the concentration-time curve
(AUC)/MIC, combines both types of effects, since it
corresponds to the total amount of drug to which bacteria
are exposed over the time period, and is directly related to
the total dose given during that period and inversely
proportional to the drug clearance. These parameters
appear to be critical in predicting antibiotic activity and,
therefore, in establishing dosages on a rational basis [8,9].
The application of these parameters, however, has
so far been limited to extracellular infections in well-
vascularized tissues, because they are all based on serum
antibiotic levels.

The situation is, therefore, likely to be more complex when
attempting to predict active antibiotic concentrations for
infections developing in less accessible compartments, as is
the case for intracellular infections. Some bacteria have
adapted themselves to survive, and even multiply, within
eukaryotic cells [10ee,11]. Table 1 lists the most common
pathogens responsible for intracellular infections. Besides
well-known obligate or facultative intracellular organisms,
several extremely common bacteria are now recognized as
being able to survive intracellularly under certain
circumstances. Such infections are considered as
'opportunistic', because no specific mechanism of
adaptation to intracellular survival has been highlighted so
far, and this survival is not an essential determinant in the
life cycle of the bacteria. In the intracellular environment
these bacteria become protected from humoral defenses,
and probably also from antibiotic action. This may,
therefore, contribute to the chronic or recurrent nature of
infections in which intracellular foci are present [12,13], as
classically observed for Mycobacterium or Chlamydia (for
reviews, see references [14] and [15]), and also more
recently demonstrated for Staphylococcus aureus [16-19],
streptococci [20,21ee], Helicobacter pylori [22] and Escherichia
coli [23,24]. Thus, the selection of antibiotics endowed with
intracellular activity or, preferably, with mixed extracellular
and intracellular activity, appears critical in the management
of such infections. For a discussion on the definition of
cellular PK/PD parameters that are predictive of
intracellular activity, see reference [25]. As well as
considering the influence of drug concentration or the time
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Figure 1. lllustration of the main PK/PD parameters that correlate with efficacy against extracellular infections.

Concentration

PK/PD parameters
A t>MIC

B C,./MIC

C AUC/MIC

sesnnsnsnsnnnnsnnnsnnnnnnsnnnnnss MIC

N

Time

A Time (t) during which the concentration remains above the minimum inhibitory concentration (MIC) of the antibiotic against the pathogen,
B ratio between the peak plasma concentration (Cnax) of the antibiotic reached in the serum and the MIC, C ratio between the 24-h area

under the concentration-time curve (AUC) and the MIC.

Table 1. The main human pathogenic bacteria capable of intracellular survival.

Type of intracellular life Bacterial species

Subcellular localization

Associated pathologies

Obligate Chlamydia pneumoniae Inclusions Pneumonia
Chlamydia trachomatis Inclusions Trachoma, sexually transmitted diseases
Coxiella burnetii (Phago)lysosomes Q Fever, pneumonia, encephalitis, endocarditis
Mycoplasma pneumoniae Cytosol Pneumonia
Rickettsia spp Cytosol Fever, cat scratch, etc
Facultative Brucella Phagosomes Brucellosis
Francisella tularensis Phagosomes Tularemia
Legionella pneumophila Endoplasmic reticulum, Pneumonia
lysosomes
Listeria monocytogenes Cytosol Meningitis, abortion
Mycobacterium tuberculosis Phagosomes Tuberculosis
Salmonella spp Phagosomes Digestive infections
Shigella flexneri Cytosol Digestive infections
Opportunistic Bacillus anthracis Anthrax

Borrelia burgdorferi

Lyme disease

Campylobacter jejuni Digestive infections
Escherichia coli Urinary and digestive infections
Helicobacter pylori Peptic ulcer

Staphylococcus aureus

Phagolysosomes, cytosol

Skin and soft tissues infections, osteomyelitis,
endocarditis, pneumonia, etc

Streptococcus pneumoniae

Upper and lower respiratory tract infections

Streptococcus pyogenes

Pharyngitis

Yersinia pestis

Plague, digestive infections

of exposure on the chemotherapeutic effect at the site of
infection, other parameters must be examined that will
specifically modulate responses in the intracellular
environment [10ee]. This will result in a modulation of the
MIC and MBC values within the cells, a factor which is
almost never taken into account in the context of
pharmacodynamics [26,27] and which may lead to
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inappropriate therapeutic choices and a risk of persistent
infection [28,29¢,30].

The objectives of this review are to present and discuss the
current knowledge of the PK/PD parameters governing the
intracellular activity of antibiotics, and to propose strategies
for optimizing this activity.
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Cellular pharmacokinetics of antibiotics

While general pharmacokinetics relate to the absorption,
distribution, metabolism and elimination of drugs in the
body, cellular pharmacokinetics are centered on evaluation
of the penetration, distribution, degradation and efflux of
drugs in individual cells [21#e,31,32]. These two fields are
closely related because the cellular disposition of a drug (eg,
its capacity to cross biological membranes, response to
enzymatic modification or transport through epithelial cells)
governs its general fate (absorption, distribution and
elimination) in the body. Studying the pharmacokinetics of
antibiotics in eukaryotic cells is therefore of prime
importance because it defines the access of the drug to the
site of infection.

Mechanisms of antibiotic uptake, distribution and
efflux in eukaryotic cells

To gain access to extracellular targets or to the cellular
medium within the body, drugs often use non-specific
routes of entry [31], such as diffusion or endocytosis,
depending on their physicochemical properties. Some drugs
can also take advantage of the presence of transporters that
recognize them because they share some structural
similarities with endogenous molecules or nutriments.

Accumulation and distribution

Diffusion

Diffusion is the most common way for molecules of a
sufficiently small size (usually molecular weight < 700 Da)
and with good lipid solubility (for a review on these general
concepts, see reference [33]) to cross cell membranes. Among
the factors that dramatically affect membrane permeation, the
ionization status of the drug appears to be of prime
importance, with charged species being characterized by low
lipid solubility and almost no ability to cross membranes in
the absence of a specific transport mechanism. The actual rate
of diffusion of a drug will thus vary according to the
environmental pH, with weak bases diffusing faster at basic
pH than at acidic pH and weak acids exhibiting the opposite
behavior. As a result, weak bases tend to accumulate in
membrane-bound acidic compartments, whereas weak acids
are excluded from these sites (for a discussion of these general
concepts see reference [34], and for an application to
subcellular compartments see reference [35]).

B-Lactam antibiotics are thought to cross the cell membrane
by passive diffusion to gain access to the cellular medium.
The equilibrium concentration of these antibiotics becomes
equal on either side of the membrane, resulting in an
accumulation factor of approximately 1 [36-38]. Being weak
acids, however, B-lactams are largely excluded from
lysosomes and related acidic vacuoles. Quinolones likely
also enter most cells by simple diffusion, but are more
concentrated inside the cells than outside at equilibrium, for
reasons which are still unclear [39,40e,41,42]. Macrolides are
among the antibiotics with the highest capacity for
accumulation in eukaryotic cells [43]. Because of their weak
basic character, cell-associated macrolides are largely
trapped in their positively charged, less diffusible form in
lysosomes, with dicationic molecules (eg, azithromycin,
erythromycylamine and telithromycin) reaching higher
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levels of accumulation than monocationic molecules (eg,
erythromycin,  roxithromycin,  clarithromycin ~ and
cethromycin) [44-47,48e].

Endocytosis

Endocytosis is a non-specific mechanism that drives poorly
diffusible molecules (ie, molecules that are too voluminous
or too polar) to the lysosomal compartment. Adsorption at
the cell surface, or specific interaction with surface receptors,
can greatly accelerate the rate and efficacy of the uptake
process (for a review, see reference [49]).

Aminoglycosides are the best-characterized example of
antibiotics that enter cells (kidney and ear) via a double
process of adsorptive and receptor-mediated endocytosis.
These highly polar molecules are polyaminated and bind to
the negatively charged phospholipids of the membrane and
the endocytic receptor megalin. Megalin is a protein that acts
as a receptor for polyaminated compounds, and is
particularly abundant in renal proximal tubules, as well as
in the hair cells of the inner ear (for a review, see reference
[50]). Glycopeptides, which are voluminous molecules, also
enter cells via this endocytic route, and their level of
accumulation in the lysosomes varies considerably
depending on the type of glycopeptide. Amphiphilic
glycopeptides, such as teicoplanin, dalbavancin, telavancin
or oritavancin, reach much higher levels of accumulation in
cells than more hydrophilic molecules such as vancomycin
[51-53]. This effect is particularly evident in the case of
oritavancin, the intracellular concentration of which is
several hundred times higher than the extracellular
concentration, which is suspected to be the result of a high
level of adsorption of the molecule at the cell surface.

Inward transport

Inward transport of drugs is observed for molecules that
have sufficient similarity to endogenous substrates of
transporters. Active inward transport of antibiotics has been
demonstrated at the surface of epithelia. This method of
intracellular accumulation contributes to the intestinal
absorption or re-absorption by renal tubular cells, and
therefore governs the pharmacokinetics profile of
antibiotics. The intestinal absorption of p-lactams
(peptidomimetic drugs bearing a free acid function) is
mediated by transporters of small peptides (eg, PEPT1
[54,55]) or of monocarboxylate compounds (eg, MCT1 [56]),
while tubular re-absorption of B-lactams occurs via peptide
transporter PEPT2 [54,55] and organic ion transporters such
as OCTN2 [57]. It is worth noting that there is a huge
variation in the level of recognition of different p-lactams by
these transporters [55], which may explain the considerable
variation in the oral bioavailability or rate of elimination of
these antibiotics. Active transport is also suspected to take
place in non-polarized, phagocytic cells. For example, it has
been suggested that transporters of purines contribute to the
accumulation of quinolones (bicyclic aromatic nuclei) in
monocytes [58].

Efflux
Efflux transporters expressed at the surface of eukaryotic
cells are involved in the extrusion of either polar, non-
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diffusible metabolites produced within the cells, or of
diffusible molecules capable of freely invading the cells.
These transporters usually exhibit a broad substrate
specificity by being able to recognize molecules mainly on
the basis of their amphiphilicity and of the presence of

ionizable functions [59]. Among these transporters,
multidrug transporters of the adenosine triphosphate (ATP)-
binding cassette (ABC) superfamily (including the

multidrug-resistance protein P-glycoprotein (P-gp) and
multiple drug-resistance proteins (MRPs)) are ubiquitous,
while organic cation or anion transporters are mainly found
at the surface of epithelia [60]. When expressed in non-
polarized cells, multidrug transporters reduce the cellular
accumulation of drugs and, Thence, affect the
pharmacological activity of the drugs toward intracellular
targets. For antibiotics, this transport has been demonstrated
to have deleterious consequences on intracellular activity
[61]. When localized at the surface of biological barriers,
such as the intestine, the blood-brain barrier, the liver and
the kidneys, efflux transporters contribute to reduced
absorption of drugs, poor penetration of the central nervous
system, or accelerated elimination by hepatic or renal routes,
making serum drug concentrations suboptimal [60,62].

P-gp is thought to be involved in the transport of B-lactams,
macrolides, quinolones, tetracyclines, streptogramins and
trimethoprim, and MRPs are thought to transport p-lactams,
macrolides, quinolones and rifamycins, at the level of
epithelial cells bordering biological barriers or of phagocytic
or transfected cells (see reference [60] and the references
cited therein). In addition, different types of organic anion
transporters contribute to the renal tubular re-absorption of
B-lactams and prevent their access to the central nervous
system [63,64].

Accumulation levels and subcellular distribution

of the main antibiotic classes in eukaryotic cells

Table 2 summarizes the current knowledge of
pharmacokinetics of antibiotics in eukaryotic cells.
Macrolides and semisynthetic glycopeptides accumulate at
higher levels in cells than other antibiotics, but are mainly
concentrated ~ within  lysosomal vacuoles [44,45,51].
Quinolones accumulate at moderate levels and are found in
the cytosolic fraction, possibly due to their high diffusibility
[41]. Lincosamides and rifamycins are also concentrated
within eukaryotic cells, but their localization is unknown
[65,66]. Cellular concentrations of all of these antibiotic
classes will be higher than serum concentrations, suggesting
the potential treatment of intracellular infections located in
the compartment where the drug is concentrated.
Accordingly, macrolides, rifamycins and quinolones are
classically considered as drugs of choice for treating
intracellular infections [43,67-71]. B-Lactams penetrate, but
do not accumulate within the cells, with cellular
concentrations being close to extracellular concentrations,
and are therefore generally considered to be of no interest
for treating intracellular infections [72-74]. However,
because serum levels are often quite high for this antibiotic
class (peak levels > 50 mg/I), cellular concentrations might
be expected to be higher than the MIC of intracellular
pathogens under the conditions of their clinical use.
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Appropriate doses (ie, high concentration) and prolonged
time of exposure (as suggested by the time-dependent
activity of B-lactams in extracellular models of infection)
may therefore compensate for the lack of accumulation, and
confer intracellular activity to B-lactams, as was recently
demonstrated in in vitro models [75e,76e¢]. Aminoglycosides
accumulate slowly within cells, such that they reach active
concentrations only upon prolonged exposure. They are
therefore used in the management of chronic intracellular
infections, such as tuberculosis [77].

Cellular pharmacodynamics of antibiotics
Based on pharmacokinetic considerations alone, it might be
tempting to conclude that the intracellular activity of
antibiotics can be predicted from their accumulation level. In
terms of translating data obtained from cellular models into
in vivo situations, however, a more accurate view would be
obtained by considering cellular concentrations rather than
accumulation factors, because this parameter also takes into
account the fact that serum concentrations of antibiotics can
vary considerably between classes. Some cellular
concentration values are provided in Table 2, although some
may be overestimated for antibiotics that are highly protein-
bound, because it is essentially only the free fraction that can
enter cells. It is also worth noting that local concentrations in
specific compartments may be higher for antibiotics that are
not distributed uniformly throughout cells.

Although the cell concentrations of all antibiotics appear to
be well above the MICs of susceptible organisms, studies
systematically comparing the extracellular and intracellular
activity of antibiotics from different classes have led to two
unanticipated observations. First, there is no simple
correlation between the cellular concentrations of antibiotics
and intracellular activity [10ee,76ee,78ee,79,80]. This concept
is illustrated in Figure 2 (panels A and B), in which the
intracellular activity of a series of antibiotics against
cytosolic  (Listerin  monocytogenes) and phagolysosomal
(S aureus) bacteria is examined and plotted as a function of
log cellular concentration in THP1 macrophages, as
determined in cells exposed to an extracellular concentration
corresponding to the human Cpnax of each drug for 24 h.
Against L monocytogenes, most of the antibiotics tested
reached a cellular concentration of 10 to 100 mg/l, but
displayed effects ranging from inactivity (bacterial growth)
to a reduction in bacterial counts (-4 log). Oritavancin, which
accumulated to a larger extent, was almost inactive against
intracellular L monocytogenes, but this can be explained based
on its lysosomal localization (this explanation can also be
applied for the inactivity of gentamicin). Based on this
explanation, it is not surprising that oritavancin is active
against intracellular S aureus; however, it is not more
bactericidal than other drugs having lower cellular
concentration, such as quinolones. Second, although cellular
concentrations are generally higher than extracellular
concentrations, antibiotic activity can be lower intracellularly
than extracellularly, at least against a phagolysosomal
bacterium such as S aureus. The extracellular and intracellular
activity of the same antibiotics as in Figure 2, are correlated
in Figure 3. Against L monocytogenes, however, the
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Figure 2. Relationship between the intracellular activity of antibiotics and their cellular concentration.
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The graphs show the intracellular activity of a series of antibiotics against Listeria monocytogenes (left) and Staphylococcus aureus (right) in
a model of THP1 human macrophages. Activity is expressed as the change in bacterial counts following 24 h of exposure (or 5 h of exposure
for oritavancin in the L monocytogenes model) to each of the selected antibiotics at an extracellular concentration corresponding to its
human Cra.x. The cellular concentrations were all measured under the same conditions, and are expressed in terms of log of the mg/l values
(panels A and B) or log of multiples of the minimum inhibitory concentration (MIC) as determined in broth at the pH of the corresponding
infected compartment (panels C and D). The blue zones correspond to bacterial killing, while the dotted lines show the limit of bactericidal
effect (-2 log according to the recommendations of the Clinical and Laboratory Standards Institute). The limit of detection was -4.2 log, and
all values below this limit were set at -5 log. The graphs are based on data from references [75¢], [76e¢] and [107].

AMP Ampicillin, AZM azithromycin, CFU colony forming units, CIP ciprofloxacin, ETP ertapenem, GEN gentamicin, GRN garenoxacin, LNZ
linezolid, LVX levofloxacin, MEM meropenem, MXF moxifloxacin, NAF nafcillin, ORI oritavancin, OXA oxacillin, PEN V penicillin V, RIF

rifampin, TEC teicoplanin, TEL telithromycin, VAN vancomycin.

intracellular activity of antibiotics is lower, similar (eg, for
quinolones), or even higher (eg, for some B-lactams) than
extracellular activity. Importantly, macrolides, which are
among the antibiotics accumulating in cells at a higher level,
are poorly active intracellularly (see reference [69]), probably
due to their intrinsic bacteriostatic nature.

The general low intracellular activity of some antibiotics
could result from: (i) poor bioavailability of the accumulated
antibiotic, making pharmacokinetic predictions incorrect; or
(ii) a shift of MICs toward higher values in the intracellular
milieu, underlining the importance of pharmacodynamic
considerations. Such changes in MICs could be due to either
an impaired expression of antibacterial activity within the
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intracellular environment, or an altered bacterial

responsiveness within eukaryotic cells.

Cellular bioavailability of antibiotics

In extracellular models, activity is best predicted from the
free serum concentration of antibiotics, which represents the
fraction diffusing through tissues and reaching bacterial
targets [81]. The absence of a correlation between the total
amount of antibiotic associated with cells and the
intracellular activity may suggest that part of the
accumulated drug is not bioavailable because of binding to
cellular constituents. The interaction of antibiotics with
cellular proteins has not been documented in the literature
to date, but is highly probable. What is known, however, is
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Figure 3. Correlation between the intracellular and the extracellular activity of antibiotics.
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The graph shows the correlation between the intracellular and extracellular activity of a series of antibiotics against Listeria monocytogenes
(panel A) and Staphylococcus aureus (panel B), in a model of THP1 human macrophages. Activity is expressed as the change in bacterial
count following 24 h of exposure (or 5 h of exposure for oritavancin in the L monocytogenes model) to each of the selected antibiotics at an
extracellular concentration corresponding to its human Crax, both extracellularly (x-axis) and in infected macrophages (y-axis). The blue
zones correspond to bacterial killing, while the dotted lines point to the limit of bactericidal effect (-2 log according to the recommendations of
the Clinical and Laboratory Standards Institute). The limit of detection was -4.2 log, and all values below this limit were set at -5 log. The
diagonal line delineates the experimental points expected for drugs displaying equal extracellular and intracellular activities, with points
above this line corresponding to bactericidal activities that are higher intracellularly than extracellularly, and below the line to activities that
are higher extracellularly than intracellularly. The graphs are based on data from references [75e], [76e¢] and [107].

AMP ampicillin, AZM azithromycin, CFU colony forming units, CIP ciprofloxacin, ETP ertapenem, GEN gentamicin, GRN garenoxacin, LNZ
linezolid, LVX levofloxacin, MEM meropenem, MXF moxifloxacin, NAF nafcillin, ORI oritavancin, OXA oxacillin, PEN V penicillin V, RIF
rifampin, TEC teicoplanin, TEL telithromycin, VAN vancomycin.

that some antibiotic classes such as aminoglycosides and  antibiotic [84]. In contrast, global impairment of cell defense
macrolides, and also oritavancin, tightly bind to the lipid = mechanisms does not prevent the unanticipated intracellular
constituents of membranes, causing even lipid deposition  bactericidal effect of B-lactams against L monocytogenes [85],
within the lysosomes [46,82,83]. suggesting that bacteria have increased susceptibility to

these antibiotics within the cells.
Intracellular expression of antibiotic activity

Environmental effects on antibiotic expression of activity can  Intracellular bacterial responsiveness to
partly be taken into account by plotting activity as a function  gntibiotics
of the cellular concentration, expressed in multiples of the  Bacteria growing inside eukaryotic cells may undergo
MIC, as determined at neutral pH for the cytosolic drastic changes in their metabolism to adapt to the new and
L monocytogenes, but at acidic pH for the phagolysosomal sometimes hostile environment of cells compared with the
S aureus. Figures 2C and 2D show that, in acidic milieu, this  extracellular environment. Such changes have been well
correction negatively affects the cellular concentration of characterized for obligate and facultative bacteria, which
macrolides, gentamicin and, to a lesser extent, quinolones, need to produce additional proteins to escape from
but enhances the cellular concentration of rifampin, and  phagosomes and move in the cytosol (as observed for
marginally that of B-lactams, while not altering the cellular  Listeria or Shigella [86,87]), or to prevent the fusion of
concentration of glycopeptides and linezolid. This correction  phagosomes with lysosomes to enable the infection of
does not, however, improve the correlation between cellular ~ phagosomes (as observed for Legionella or Chlamydia [88]).
concentration and intracellular activity, suggesting that the  Recent studies examining, in a global fashion, genetic
influence of the cellular environment extends beyond pH expression or protein profiles of intracellular bacteria or
effects. bacteria exposed to a mild acidic environment have
demonstrated multiple metabolic modifications [89-91]. It is
Among other factors specific to the intracellular milieu of  probable that some of these changes may influence antibiotic
phagocytes, cell defense mechanisms can either cooperate action, as suggested above, which might explain the
with or antagonize antibiotic action. For example, inhibiting  increased sensitivity of intracellular Listeria to B-lactams.
oxidative burst in macrophages reduces the intracellular  Also, the growth rate of some bacteria is generally reduced
activity of quinolones against L monocytogenes, suggesting inside the cells [92-94], highlighting their need to adapt to a
that oxidant species reinforce the efficacy of this class of hostile environment. This delay in growth can contribute to
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impaired antibiotic activity, since many classes of antibiotics
act upon bacteria in the active stage of multiplication, as
demonstrated by the growth-cycle-dependent efficacy of
antibiotics against Chlamydia [95]. Moreover, local pH can
affect not only antibiotic action, but also bacterial response
to antibiotics. A surprising example of this is methicillin-
resistant S aureus, which becomes sensitive to B-lactams
intracellularly [96], probably because of a favorable effect of
acidity [97]. Finally, mechanisms of resistance can affect
bacterial responses to antibiotics, although it is not known
how the intracellular environment may influence the
expression of inducible mechanisms. Among such
mechanisms, efflux pump overexpression is widespread and
contributes to antibiotic resistance, both in Gram-positive
and Gram-negative bacteria [98], including in pathogens
capable of surviving inside eukaryotic cells. The expression
of efflux pumps is essentially based on the role they play in
bacterial virulence or survival within the host, as
demonstrated for Gram-negative bacteria [99,100]; whether
or not efflux pumps express in vivo is, however, still under
debate. In this context, studies aimed at determining
whether bacterial efflux pumps are expressed within
eukaryotic cells and whether they reduce the concentration,
and consequently the activity, of antibiotics in this
compartment, would be welcome in the future.

Strategies to optimize intracellular activity of
antibiotics

Optimizing cellular pharmacokinetics

Although there is no correlation between accumulation per
se and activity, the intracellular activity of a given antibiotic
can be optimized by maximizing its cellular concentration
and the time of exposure. This effect is exemplified in Figure
4 (panel A), in which the influence of the time and
concentration on the activity of a p-lactam against

L monocytogenes is shown. The activity develops in a
sigmoidal manner with concentration, and a marked
bactericidal effect is obtained only with high concentrations
of, and prolonged exposure to, antibiotics. Strategies aimed
at optimizing drug content inside the cells over time are
therefore liable to improve intracellular activity.

In the case of B-lactams, which do not accumulate to a large
extent in eukaryotic cells, appropriate chemical
modifications may alter their cellular pharmacokinetic
profile and favor their uptake by eukaryotic cells. For
example, grafting a weak basic function to and masking the
acidic character of penicillin makes the molecule prone to
accumulate within the lysosomes [37], whereas masking the
acidic character of ampicillin in a cleavable prodrug ester
markedly increases the cellular concentration of free
ampicillin as well as its activity against intracellular
L monocytogenes [38]. In the case of aminoglycosides, which
slowly accumulate in cells, using an appropriate formulation
such as antibiotic-loaded  microspheres, improves
intracellular activity by increasing the phagocytic rate of the
drug [101,102]. This strategy is also efficient for increasing
the efficacy of rifampin toward Mycobacterium tuberculosis,
by allowing the slow release of the drug inside infected cells
[103].

On the other hand, for antibiotics extruded out of cells by
active efflux mechanisms, inhibition of the corresponding
transporters increases the cellular drug content and, as a
consequence, the intracellular activity. This is
demonstrated by the increase in activity of quinolones
against L monocytogenes in the presence of gemfibrozil, or
the increase in activity of macrolides against both L mono-
cytogenes and S aureus when cells are exposed to verapamil
[104,105].

Figure 4. Influence of time and of concentration on the intracellular activity of antibiotics.

A Listeria monocytogenes Staphylococcus aureus B
3
2 1 ® Ampicillin, 5 h B Ampicillin, 24 h
= Ampicillin, 24 h ¢ Moxifloxacin, 24 h Q
)
] g
A s
E
5 e |
55 °
=
Ea-]
S L 1
£9 :
] a
o 2 e 3 E ........ sppooco; Jlpooo0e050800000000RE9000000006950500005 58
3 ¢ .
\
-1 0 1 2 3 -1 0 1 2 3
Log extracellular concentration Log extracellular concentration
(concentration in multiples of MIC) (concentration in multiples of MIC)

A Shows the influence of time and concentration on the intracellular activity of ampicillin against Listeria monocytogenes in infected THP1
macrophages exposed for 5 or 24 h to increasing concentrations of the drug, expressed as the log of multiples of its minimum inhibitory
concentration (MIC). B Provides a comparison of the dose-effect relationship of the activity of ampicillin and moxifloxacin against
Staphylococcus aureus in infected THP1 macrophages exposed for over 24 h to increasing multiples of their MIC. The blue zones
correspond to bacterial killing, while the dotted lines show the limit of bactericidal effect (-2 log according to the recommendations of the
Clinical and Laboratory Standards Institute). The graphs are based on data from references [75s], [76ee] and [78ee].
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Taking into account cellular pharmacodynamics

Currently, we have only a partial view of factors influencing
antibiotic activity or bacterial responsiveness to antibiotics
inside cells. Antibiotic selection should be based on MIC
data, as determined at the pH of the compartment in which
infection develops [76#¢,80,96]; however, it has been
observed that many parameters other than pH affect the
intracellular activity of antibiotics, such that the final choice
of a drug should also be based on studies of pertinent in
vitro cellular models, in which pharmacokinetic parameters
are optimized. This is exemplified in Figure 4 (panel B), in
which the dose-effect relationship of two antibiotics with
similar MICs are compared against intracellular S aureus
over 24 h and at neutral pH. The pharmacological responses
appear to differ in maximal effect and ECsy values,
suggesting the importance of examining the bacterial
response to a drug within the physiological environment.

Developing appropriate models

Models need to be developed that closely mimic the clinical
conditions of antibiotic use in terms of concentration and
antibiotic  exposure, and  that integrate these
pharmacokinetic ~ parameters with pharmacodynamic
considerations. Currently, most in vitro models use constant
static concentrations of antibiotics, but modulate either the
time of exposure or the extracellular concentration
[26,69,750,7600,7800,94,106-109]. These current models may
be appropriate to study the impact of antibiotic
combinations on pharmacokinetics (eg, competition for
transport [110]) and pharmacodynamics (eg, synergy or
antagonism [111-113]). In addition, modeling of the
variation in antibiotic concentrations over time using
dynamic in vitro models (Figure 1) could help to reproduce
more accurately the actual exposure of infected cells to
antibiotics. Currently, however, in vitro models often use
facultative intracellular pathogens, which are grown in
broth [114,115e,116]. A more ideal situation would be to
develop dynamic models with bacteria growing inside
eukaryotic cells [117ee]. Recent efforts have also been
directed toward developing methodologies that allow for
the sensitive and rapid detection of intracellular bacteria
[118ee,119e¢] or for the routine evaluation of intracellular
efficacy of antibiotics [120,121]. These types of studies
should be included in the early development of new
antibiotics, especially if their spectrum of activity includes
bacteria capable of intracellular survival (eg, see references
[51], [69] and [122] to [125]).

In vivo models have been developed for several
opportunistic or facultative bacteria [126-129], and these are
essential for the appraisal of therapeutic schemes established
based on in wvitro data, to correctly address drug
bioavailability issues and assess cooperation with host
defenses. In this respect, direct measurement of intracellular
concentrations of antibiotics in vivo through non-invasive
approaches [130e] will allow significant progress to be made
in correlating activity with actual drug concentration at the
infected site. In vivo models can confirm unanticipated
intracellular activity observed in vitro, for example, in the
case of a new derivative of ethambutol that proved to be as
active in wvivo as in vitro in infected cells against
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M tuberculosis, and demonstrated a high tissue
concentration, despite low oral bioavailability [131], or for
quinolones, which proved to be efficient in vivo against
L monocytogenes [132], in accordance with their in vitro
behavior in infected macrophages [78ee]. I vivo models can
also help to provide a greater understanding of the
pharmacokinetic issues responsible for lack of efficacy, such
as the inappropriate dosing of the p-lactam mecillinam
(which generates concentrations that remain above the MIC
for only 6 to 7 h) associated with intracellular survival of
E coli [29e], or the poor bioavailability of aminoglycoside-
loaded microspheres, which originally showed promise in
vitro against Brucella abortus, but which proved extremely
disappointing in vivo [133].

Conclusion

The cellular accumulation of antibiotics has long been
considered to be predictive of activity against intracellular
infections. This concept needs to be revisited, based on
recent observations that expression of activity of antibiotics
and bacterial responsiveness may be considerably modified
in the intracellular environment. Activity should therefore
be tested in appropriate models of intracellular infections
that take into account pharmacokinetic considerations (eg,
time of exposure and concentrations achievable in vivo), and
which can be used to investigate the parameters modulating
pharmacodynamic behavior.
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Results

1.1. Foreword: justification of the model

1.1.1. cell type

In this study, we have developed a model of intracellular infection by S. aureus, in
THP-1 human macrophages. This cell line, first described in 1980 (254 ), is derived from the
blood of an 1-year-old boy with acute monocytic leukemia.

Monocytes and macrophages are derived from hematopoietic stem cells (Figure 15).

/ pluripotent stem cell \

lymphoid stem cell myeloid stem cell

B cell Tcell BFU-E CFU-GM CFU-EQ  CFU-mega

monoblast myeloblast l

promenocyte promyelocyte mega-
l caryocyte
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FIGURE 15: hematopoietic cell differentiation; the arrows indicate the differentiation

potential. THP-1 cells are boxed (19).

Mature monocytes migrate to different tissues where they differentiate in macrophages, with
morphological and functional characteristics typical for the tissue. The multifunctional nature
of the monocyte implies that it has to undergo a very complex differentiation process, which

involves tissue specific stimuli.

Studies of monocytes/macrophages are often impeded by the limited amount of
human cells available. The existence of continuous cell lines like THP-1 may bring an
appropriate solution to this problem, and presents the additional advantage of offering an
homogeneous population (254). Table 11 lists the main properties of THP-1 cells that make

them a suitable model for studying the properties of human monocytes/macrophages.
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TABLE 11: main characteristics of the human THP-1 cell line (19,254).

parameter characteristics

morphological features morphology resembling that of monocytic leukemia cells:
- diameter 12-14 ym

- moderate basophile cytoplasm

- small azurophiles granules, few vacuoles

- nuclei irregular in shape

cytochemical features - positive for a-naphthyl butyrate esterase
- negative reaction with periodic acid-Schiff and Sudan black B
- diploid (46,XY) chromosome number

surface antigens and | CD4, CD30, Factor X receptor, Factor Xa receptor, FcRI, FcRII,
receptors GM-CSF-receptor, HDL receptor, LDL receptor, TNF receptor,
C3b receptor, LFA-1 receptor, Fibronectin receptor, Leu M1,
Leu M2, Leu M3, HLA-DR antigens, scavengers receptors

secreted proteins - hormones, cytokines: TNF-a, IL-1, IL-1b, CSF-1, M-CSF,
erythrocyte differentiation factor, PDGF-1 and —2, thymosin
B4, killer T cell activating factor, monocyte chemotactic factor

- enzymes: lipoprotein lipase, lyzozyme

- binding proteins: apoprotein E

functional features - phagocytosis
- production of lyzozyme
- capacity to restore the lympocyte T mitogenic responsiveness

1.1.2. bacterial strain

In this study, we have used as standard strain the fully susceptible MSSA strain
ATCC25923. This strain was at the origin a clinical isolate (www.ATCC.org). It is now
considered as a standard, used as quality control strain or susceptibility testing standard for
antibiotics. A Pubmed search on "ATCC 25923" extracted more than 200 papers,
demonstrating that this strain is widely used. The use of collection strains is indeed
important to compare and standardize intra-laboratories methods.

We selected this strain for our study because of (a) its fully susceptible character, which will
allow us to compare antibiotics from various families, and (b) its wide use as standard strain.
One can object us however that this strain isolated in 1976 may largely differ from current
strains in terms of virulence or pathogenicity determinants. Some collection staphylococcal
strains have indeed been subcultured from decades since their first isolation and could have
lost important pathophysiological characteristics. In fact, struggle for existence leads to the
selection of new well-equipped strains to survive adverse conditions, the so-called “survival
of the fittest”. Thus, given the plasticity and constant evolution of the S. aureus genome,
experiments using only collection strains may not be fully adequate to adapt these results to

“real world” strains.
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We are aware of this limitation, which has pushed us in the second part of the study
to extent the model to clinical isolates collected over the last years. As we will see, itis
interesting to note, however, that the intracellular fate of these strains does not seem to differ

from that of the reference strain used in the first part of our study.

1.1.3. antibiotics

We have examined in the first part of our study a series of antibiotics belonging to
different classes. Our choice was essentially based on (a) the potential interest of the
molecule in the clinics, (b) the availability of data regarding their capacity to accumulate in
eucaryotic cells, and (c) the centers of interest of the laboratory at the time this study started
(in this case, we selected several molecules within a single family to evidence potential
differences in their behavior).

Thus, the drugs selected were the following:

- beta-lactams, because they are considered as first choice antibiotics in susceptible
strains (217), based on their high security of use.

- macrolides, because of their known accumulation in the lysosomal compartment (42).

- quinolones, because previous work of our laboratory showed that they are very active
in another model of intracellular infection by L. monocytogenes (46,239); we
compared drugs for which detailed cellular pharmacokinetic studies were run in
parallel (185).

- an aminoglycoside, also known to accumulate in the lysosomes, and characterized by
a rapid bactericidal effect extracellularly (18,240).

- glycopeptides, considered at the present time as the alternative of choice for MRSA
infections (217,260); we included in our analysis new semi-synthetic derivatives for
which cellular pharmacokinetic studies were run in parallel (262 and this work).

- rifampicin, because it is usually recognized as a first choice for intracellular infections
(266).

- linezolid, a new drug keeping activity against mutiresistant strains (217).

We did not include tetracyclines and lincosamides for which cellular pharmacokinetic data
are scarce, but these drugs would be interesting to test in our model, especially in view of the
fact that new derivatives in these families are now in development for the treatment of

S. aureus infections (tigecycline and VIC-10,5555 [161,171]).

We did neither include sulfamethoxazole-trimethoprim or synercid (quinupristin-dalfopristin)

because the combination of two drugs makes more difficult the interpretation of the data.
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The pharmacodynamic properties governing the activities of antibiotics against intracellular Staphylococcus
aureus are still largely undetermined. Sixteen antibiotics of seven different pharmacological classes (azithro-
mycin and telithromycin [macrolides]; gentamicin [an aminoglycoside]; linezolid [an oxazolidinone]; penicil-
lin V, nafcillin, ampicillin, and oxacillin [B-lactams]; teicoplanin, vancomycin, and oritavancin [glycopep-
tides]; rifampin [an ansamycin]; and ciprofloxacin, levofloxacin, garenoxacin, and moxifloxacin [quinolones])
have been examined for their activities against S. aureus (ATCC 25923) in human THP-1 macrophages
(intracellular) versus that in culture medium (extracellular) by using a 0- to 24-h exposure time and a wide
range of extracellular concentrations (including the range of the MIC to the maximum concentration in serum
[Cpnaxs total drug] of humans). All molecules except the macrolides caused a net reduction in bacterial counts
that was time and concentration/MIC ratio dependent (four molecules tested in detail [gentamicin, oxacillin,
moxifloxacin, and oritavancin] showed typical sigmoidal dose-response curves at 24 h). Maximal intracellular
activities remained consistently lower than extracellular activities, irrespective of the level of drug accumula-
tion and of the pharmacological class. Relative potencies (50% effective concentration or at a fixed extracellular
concentration/MIC ratio) were also decreased, but to different extents. At an extracellular concentration
corresponding to their C,, s (total drug) in humans, only oxacillin, levofloxacin, garenoxacin, moxifloxacin,
and oritavancin had truly intracellular bactericidal effects (2-log decrease or more, as defined by the Clinical
and Laboratory Standards Institute guidelines). The intracellular activities of antibiotics against S. aureus (i)
are critically dependent upon their extracellular concentrations and the duration of cell exposure (within the
0- to 24-h time frame) to antibiotics and (ii) are always lower than those that can be observed extracellularly.
This model may help in rationalizing the choice of antibiotic for the treatment of S. aureus intracellular

infections.

Staphylococcus aureus, which often causes chronic or relaps-
ing diseases (68), is reported to persist as an opportunistic
intracellular organism both in vitro and in vivo (8, 10, 18, 30,
31, 34, 39). Antibiotic treatments should therefore be opti-
mized not only toward the extracellular forms of S. aureus but
also toward the intracellular forms of S. aureus to avoid creat-
ing a niche where bacteria may persist, cause cell alterations,
and possibly, be selected for resistance if they are exposed to
subtherapeutic concentrations (1). A large body of literature
on the activities of antibiotics against intracellular S. aureus in
various cellular models is available (see references 54, 66, 67,
and 70 for reviews). Yet, many of these studies yield contra-
dictory results, and we still lack a clear understanding of which
parameters are truly critical for the expression of antibiotic
activity in the intracellular milieu (11). In a previous study, we
measured the activities of selected antibiotics characterized by
a fair to high level of cellular accumulation against intracellular
S. aureus in a model of unstimulated murine J774 macrophages

* Corresponding author. Mailing address: Unité de Pharmacologie
Cellulaire et Moléculaire, Université Catholique de Louvain, UCL
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(57). We observed that cellular accumulation was only partially
and nonconsistently predictive of activity. In a subsequent pilot
study, performed with human THP-1 macrophages, we also
noted that B-lactams, which notoriously do not accumulate in
cells, actually showed significant activity against intracellular S.
aureus when their extracellular concentration was brought to a
sufficiently high but still clinically meaningful level (36). This
triggered us to broaden and systematize our approach. For this
purpose, we selected typical representatives of seven classes of
antibiotics with known activities against S. aureus and included
in commonly used guidelines for the handling of staphylococ-
cal infections. We concentrated our effort on THP-1 macro-
phages because these cells present many of the characteristics
of human monocytes while forming a homogeneous and re-
producible population (6). THP-1 macrophages have been suc-
cessfully used in various studies aimed at characterizing the
interactions between S. aureus and macrophages in a clinical
context (19, 28, 49) and to analyze the potential relationship
between the accumulation of antibiotics in cells and intracel-
lular activity (48). In contrast to many other models, however,
we explored a large array of extracellular concentrations (in-
cluding the range observed in the serum of patients receiving
conventional doses) and used incubation times up to 24 h. Our
purpose, indeed, was to analyze the pharmacodynamic param-
eters governing the activities of these antibiotics against intra-
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cellular forms of S. aureus in terms of both the concentration/
MIC ratio and the time of exposure. This approach was
thought to be necessary to enable us to draw pharmacologically
as well as clinically meaningful conclusions.

(Parts of this study were presented at the 43rd Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, 11, 14 to 17 September 2003 [M. Barcia-Macay, C. Seral,
M. P. Mingeot-Leclercq, P. M. Tulkens, and F. Van Bambeke,
Abstr. 43rd Intersci. Conf. Antimicrob Agents Chemother.,
abstr. A-1174, 2003], and at the 44th Interscience Conference
on Antimicrobial Agents and Chemotherapy, Washington
D.C., 30 October to 2 November 2004 [M. Barcia-Macay, C.
Seral, M. P. Mingeot-Leclercq, P. M. Tulkens, and F. Van
Bambeke, Abstr. 44th Intersci. Conf. Antimicrob Agents Che-
mother., abstr. A1488, 2004].)

MATERIALS AND METHODS

Bacterial strain, susceptibility testing, and time and dose-kill curve studies in
extracellular medium. S. aureus (strain ATCC 25923, fully susceptible) was used
for all experiments. All conditions for measurement of the MICs (at pH 7.3 and
5.0) and the minimal bactericidal concentrations (MBCs) were exactly the same
as those described earlier (57). Dose-kill curve studies were performed as de-
scribed previously (57), with the following modifications: (i) RPMI 1640 medium
supplemented with 10% fetal calf serum rather than broth was systematically
used to measure the extracellular activities to better mimic a true extracellular
environment, and (ii) enumeration of colonies (for determination of CFU) was
performed with an automated detector (14). All samples (diluted as needed)
were prepared in a final volume of 1 ml, of which 50 wl was used to seed
8.2-cm-diameter petri dishes containing 12.5 ml of nutrient agar. In the present
study, we validated the method by assessing (i) the linearity of the instrument
response for counting from 3 to 2,000 colonies per dish (R? = 0.997; n = 220) and
(ii) the intraday reproducibilities for samples that yielded 3 to 1,500 colonies/dish
(the observed standard deviation [SD] for 10 repeated assays with the same
sample was from 0.6 to 1.7 times the theoretical value [which is equal to the
square root of n, where n is the value of the actual counts, assuming a Poisson
type of distribution], with no trend toward less reproducibility for samples with
low counts). Samples with counts more than 1,500 colonies/dish tended to give
lower reproducibilities due to the fusion of colonies and larger dilutions were
then used. The lowest limit of detection was set at 3 counts/plate (actual SD, 1.1
for 10 repeated assays with the same sample). This lowest value corresponded to
60 CFU in the original samples (if it was undiluted) and to a 4.2-log decrease in
the numbers of CFU from a typical initial inoculum of 10° bacteria per ml
(variation, from 4.1 to 4.4 when an SD value of 1.1 at the level of the determi-
nation was considered). All samples yielding less than three colonies were arbi-
trarily considered to have a 5-log decrease from the typical original inoculum,
and this value was used in all illustrations and calculations.

Cells, cell cultures, and intracellular infection. Human THP-1 macrophages
were cultivated in RPMI 1640 medium supplemented with 10% fetal calf serum
exactly as described in a previous publication (55). Infection was performed as
described earlier (36), based on a model with murine J774 macrophages (57).
Phagocytosis was initiated at a bacterium-macrophage ratio of 4:1, and after
removal of unphagocytosed and adherent S. aureus cells, the inoculum was
typically 1 X 10° to 2 X 10° bacteria per mg of cell protein, as for J774
macrophages (57). At the end of the experiments, the cells were collected by
centrifugation, resuspended in phosphate-buffered saline, and centrifuged again
to further remove adherent bacteria. The cells were then processed for CFU
counting as described above with the same upper and lowest limits of detection.
The typical initial intracellular inoculum of approximately 10° bacteria per mg of
cell protein was diluted in approximately 1 ml after cell collection and processing.
The protein concentrations were measured in parallel, as described previously
(13). Previous studies showed that the amounts of antibiotic that could be carried
over from the cells into the final assay mixture were too low to interfere signif-
icantly with CFU determinations, given the high dilution of the cell content
during sample preparation (12, 55). Extracellular contamination was assessed in
pilot studies by collecting the culture fluid at the end of the observation period,
mixing it with all media used to wash the corresponding cell samples, and
enumerating the CFU after plating and incubation on Trypticase soy agar.

Determination of cellular antibiotic acc lation. Accumulation studies were
performed as described in previous publications (12, 47), but the majority of
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antibiotics were assayed by a microbiological method (disk diffusion method with
Bacillus subtilis ATCC 6633 as the test organism and antibiotic medium 11
adjusted to pH 8 for gentamicin; disk diffusion method with Micrococcus luteus
ATCC 9341 and antibiotic medium 2 adjusted to pH 8 for macrolides; and disk
diffusion method with Micrococcus luteus ATCC 9341 and antibiotic medium 2
adjusted to pH 7 for B-lactams, rifampin, linezolid, vancomycin, and teicoplanin).
For each of these antibiotics, the assay method was checked for linearity (te-
lithromycin, 0.03 to 4 mg/liter; azithromycin, 0.05 to 4 mg/liter; ampicillin, 0.21 to
10 mg/liter, nafcillin, 1.1 to 120 mg/liter; oxacillin, 1.6 to 30 mg/liter; penicillin V,
0.04 to 10 mg/liter; rifampin, 0.2 to 15 mg/liter; linezolid, 12 to 190 mg/liter,
vancomycin, 2.7 to 150 mg/liter; teicoplanin, 2.9 to 250 mg/liter; gentamicin, 0.6
to 240 mg/liter) and for reproducibility (coefficient of variation, <10%). Cipro-
floxacin, moxifloxacin, and levofloxacin concentrations were measured by fluo-
rimetry (12, 56), and garenoxacin and oritavancin concentrations were measured
by radiometry by using '“C-labeled drugs (41, 64). In pilot studies we checked
that these assays detected genuine, bioactive drug. The cell concentration of each
drug was expressed by reference to the protein content of the corresponding
samples, with a conversion factor of 5 pl of cell volume per mg of cell protein
used to calculate the apparent cellular drug accumulation (12, 47).

Morphological studies. Infection was carried out at a bacterium-macrophage
ratio of approximately 8 to allow visualization of a sufficiently large number of
bacteria, with all other conditions similar to those described in the general
protocol. The cells were fixed and prepared as described previously (47, 63).

Antibiotics. Whenever possible, antibiotics were obtained as microbiological
standards from their corresponding manufacturers: azithromycin (dihydrate salt;
potency, 94.4%) from Pfizer Inc., Groton, CT; telithromycin (potency, 99.3%)
from Aventis, Romainville, France; ciprofloxacin (potency, 85%) and moxifloxa-
cin (potency, 91%) from Bayer AG, Wuppertal, Germany; oxacillin (potency,
85%) from Bristol-Myers Squibb Co., Syracuse, NY; unlabeled garenoxacin
(potency, 79%) and 3-'*C-labeled garenoxacin (specific activity, 0.80 MBq/mg)
from the Bristol-Myers Squibb Pharmaceutical Research Institute, Wallingsford,
CT; and unlabeled oritavancin (as LY333328; potency, 80.6%) and ['*CJorita-
vancin (labeled on the chloro-biphenyl side chain; specific activity, 3.5 pCi/mg)
from Eli Lilly & Co., Indianapolis, IN. Ampicillin and penicillin V were pur-
chased from Sigma-Aldrich-Fluka (St. Louis, MO). The other antibiotics were
procured as the commercial products registered in Belgium for parenteral use
from their respective marketing authorization holders or resellers (gentamicin as
Geomycin and vancomycin as Vancocin from Glaxo-SmithKline; rifampin as
Rifadine, levofloxacin as Tavanic, and teicoplanin as Targocid from Aventis; and
linezolid as Zyvoxid from Pfizer).

Other reagents. Unless stated otherwise, all other reagents were of analytical
grade and were purchased from E. Merck AG (Darmstadt, Germany) or Sigma-
Aldrich-Fluka. Cell culture or microbiology media were from Invitrogen (Paisley,
Scotland) and Difco (Sparks, MD).

Curve fittings and statistical analyses. Curve fittings were done with Graph-
Pad Prism (version 4.02) software for Windows (GraphPad Prism Software, San
Diego, CA), and statistical analyses were performed with XLSTAT Pro (version
7.5.2; Addinsoft SARL, Paris, France).

RESULTS

Susceptibility testing. Table 1 shows the MICs (measured at
pH 7.3 and 5.0 to mimic the extracellular and phagolysosomal
environments, respectively) and the MBCs for the S. aureus
strain used in this study. Except for azithromycin, all MICs
measured at pH 7.3 were considerably lower than the peak
concentration in serum (C,,,, [total drug; see Table 1 for
estimates of the fraction of free drug at that concentration in
human serum]) commonly observed in patients receiving con-
ventional dosages of the corresponding antibiotics. Lowering
of the pH to 5.0 had contrasting effects on MICs, with a
marked increase (more than eightfold) for gentamicin and the
macrolides, a moderate increase (two- to eightfold) for lin-
ezolid and the quinolones, no or little change for the glyco-
peptides, and a modest (1 to 2 dilutions) but reproducible
decrease for the B-lactams and rifampin. The MBCs were close
to the MICs measured at pH 7.3 (=2-dilution difference) for
gentamicin, rifampin, the B-lactams, oritavancin, and the quin-
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TABLE 1. MICs and MBCs of antibiotics under study against S. aureus ATCC 25923 compared to the C,..*
MIC (mg/liter) ) )
Antibiotic” MBC (mgfliter)  Dosage and routes 1M1 Conax (MEAED) gy pree grug  Reference(s)
pH 7.3 pH 5.0 (Total drug)
Azithromycin 0.5 512 8 500 mg p.o. 0.5 88 22
Telithromycin 0.06 4 2 800 mg p.o. 2 30 44,71
Gentamicin 0.5 16 2 6 mg/kg i.v. 18 80 26,43
Linezolid 2 4 32 600 mg i.v. 21 69 5
Penicillin V 0.015 <0.015 0.06 500 mg p.o. 6.3 20 4,50
Nafcillin 0.25 0.06 1 1,000 mg i.v. 40 3 4,27
Ampicillin 0.06 0.03 0.25 1,000 mg i.v. 47.6 85 4,50
Oxacillin 0.125 0.06 0.25 500 mg i.v. 63 10 4,50
Teicoplanin 0.25 0.5 64 12 mg/kg i.v. 100 10 20
Vancomycin 1 1 16 15 mg/kg i.v. 50 45-90 20
Oritavancin 0.25 0.25 1 3 mg/kg iv. 25 10 9,65
Rifampin 0.0075 0.002 0.03 600 mg i.v. 18 10-20 4,29
Ciprofloxacin 0.125 1 1 750 mg p.o. 4.3 63 32,33
Levofloxacin 0.125 1 0.125 400 mg p.o. 4 62-76 21
Garenoxacin <0.03 0.125 0.03 400 mg p.o. 4 25 234
Moxifloxacin 0.06 0.25 0.06 400 mg p.o. 4 52 58,59

“ Commonly observed maximal concentration in serum (and estimated percentage of free drug) after intravenous or oral administration of conventional doses to

humans, based on the references indicated.

> The molecules are ranked by pharmacological classes, with each class appearing by order of its mean level of intracellular activity (as shown in Fig. 5).

¢ p.o., oral; i.v., intravenous.

4 Reference for protein binding: A. Bello, D. Hollenbaugh, D. A. Gajjar, L. Christopher, and D. M. Grasela, Abstr. 41st Intersci. Conf. Antimicrob. Agents

Chemother., abstr. A-45, 2001.

olones (except ciprofloxacin). In contrast, the macrolides and
linezolid had higher MBCs (equal to or higher than their
corresponding C,..s). Vancomycin, teicoplanin, and cipro-
floxacin showed intermediate behaviors, with their MBCs be-
ing considerably higher than their MICs but still lower than
their C,,,,s.

Validation of the intracellular model. We first examined
whether the accumulation of antibiotics in THP-1 cells was
consistent with their known behavior in other cell types (see
reference 11 for a review). Whenever possible, the extracellu-
lar concentration was set at the C, . of the drug (as defined in
Table 1), but poor assay sensitivity forced us to use higher
concentrations for a number of molecules. The 24-h time point
was selected since this corresponded to the maximal duration
of our studies with infected cells. Data are presented in Table
2. Linezolid, B-lactams, and gentamicin showed no or only
modest accumulation (from 0.5- to 4.4-fold). The quinolones,
vancomycin, and teicoplanin reached slightly higher levels
(5- to 10-fold). Rifampin, azithromycin, and telithromycin
achieved higher levels (17- to 38-fold); and oritavancin ac-
cumulated up to almost 150-fold.

We then characterized the course of the infection of THP-1
cells by the strain of S. aureus that we used (Fig. 1). In the
absence of antibiotic, the number of bacteria collected from
cells (after the washing procedure) increased almost at the
same rate as that for bacteria incubated in complete culture
medium in the absence of cells (extracellular infection). The
medium of the infected cells, however, showed visible acidifi-
cation at 24 h (compared to the medium of the uninfected
cells), with the number of viable bacteria in low speed super-

TABLE 2. Cellular accumulation factor of antibiotics in THP-1
cells after 24 h of incubation at a fixed extracellular concentration

Antibiotic? Cellular Extracellular
accumulation” concn (mg/liter)
Azithromycin 378 £13 5¢
Telithromycin 27.9 + 1.3 24
Gentamicin 44 +0.1 250¢
Linezolid 0.5 £0.0 250¢
Penicillin V 12+0.1 150¢
Nafcillin 2.6 0.1 400¢
Ampicillin 1.0 0.1 150¢
Oxacillin 4.0 =x0.1 250¢
Teicoplanin 74 +02 150¢
Vancomycin 63 *=0.1 100¢
Oritavancin 148.0 = 12.0 254
Rifampin 17.6 £ 0.9 50¢
Ciprofloxacin 51+0.1 4.34
Levofloxacin 7.0 = 0.6 44
Garenoxacin 9.1+03 44
Moxifloxacin 7.6 +0.3 44

“The molecules are ranked by pharmacological classes, with each class ap-
pearing by order of its mean level of intracellular activity (as shown in Fig. 5).

b Apparent cellular concentration-to-extracellular concentration ratio, based
on a cell volume of 5 ul per mg of cell protein (12,47).

¢ A concentration larger than the C,,,, was used because of a lack of sensitivity
of the microbiological assay.

@ Concentration corresponding to the C,, (as defined in Table 1).
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extracell. extracell.
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FIG. 1. Kinetics of growth of S. aureus (i) in THP-1 macrophages exposed to increasing extracellular concentrations of gentamicin (solid lines)
or (ii) in culture medium in the absence of antibiotic (dotted gray line). The graph shows the change in the number of CFU (A log CFU; means
+ SDs; n = 3; most SD bars are smaller than the symbols), starting from an initial inoculum of approximately 10° bacteria per mg of protein
(intracellular) or per ml of medium (extracellular). The table shows the contamination (contamin.) of the culture medium by S. aureus at the end

of the experiment. extracell., extracellular; GEN, gentamicin.

natants and washing media amounting to approximately 17%
of the total sample content (medium plus cells). Based on
previous experience with J774 macrophages (57), gentamicin
was added to the culture medium to prevent this contamina-
tion. As shown in Fig. 1, a gentamicin concentration as low as
0.01 its MIC reduced the extracellular contamination to an
almost negligible level, while it still allowed a marked increase
in the number of cell-associated CFU (to about 65% of what
was seen without antibiotic). A further increase in the extra-
cellular concentration of gentamicin to its MIC allowed extra-
cellular contamination to go to undetectable levels, but with a
further decrease in the cell-associated CFU, demonstrating
interference with the intracellular multiplication of the bacte-
ria. Yet, optical and electron microscopy of cells incubated for
24 h with gentamicin at the MIC still revealed the presence of
actively multiplying bacteria within membrane-bound struc-
tures, consistent with intraphagolysosomal localization (see
Fig. 6). Because of all those uncertainties in the true level of
intracellular growth of S. aureus and the potential impact of
even low concentrations of gentamicin, intracellular activities
were therefore examined and expressed not as the difference
from the controls but in terms of variations of the cell-associ-
ated CFU from the original, postphagocytosis inoculum. Fi-
nally, careful examination of the bacterial cultures obtained
from cell samples exposed to gentamicin or to other antibiotics
(see below) failed to identify so-called small-colony variants.
Kinetics of antibacterial effects at a fixed, large concentra-
tion (C,,,,). Time-kill curves were obtained for eight molecules
selected on the basis of (i) their increasing MBC/MIC ratios
(from 1 [moxifloxacin] to 33 [telithromycin]; see Table 1) when
they were tested in broth and (ii) their increasing levels of
cellular accumulation (apparent cellular-concentration-to-ex-
tracellular-concentration ratio from less than 1 [linezolid] to
about 150 [oritavancin] in uninfected cells; see Table 2). The
results are shown in Fig. 2. By first considering the extracellular
activities, it appears that gentamicin, rifampin, and oritavancin
acted very fast, with bacterial counts reaching the limit of
detection within 6 h or less, whereas linezolid and telithromy-

60

cin, although they were tested at concentrations equal or close
to their MBCs, were only slowly and poorly bactericidal. Ox-
acillin, vancomycin, and moxifloxacin reached the limit of de-
tection upon prolonged incubation. There was thus only a poor
correlation between the rates and extents of killing and the
MBC/MIC ratios. By next considering the intracellular bacte-
ria, overall decreases in the rates and extents of killing of

extracellular intracellular

A log CFU from time 0

12 18
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T T
6 24
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FIG. 2. Influence of time on the rate and the extent of the activities
of the antibiotics against extracellular and intracellular S. aureus upon
incubation at a fixed extracellular concentration. The graphs show the
change in the number of CFU (A log CFU; means = SDs; n = 3; most
SD bars are smaller than the symbols) per ml of culture medium
(extracellular) or in THP-1 macrophages (intracellular) per mg of cell
protein. The molecules are listed in order from the upper to the lower
panel by increasing level of cellular accumulation (as determined in
uninfected cells; Table 2). Each antibiotic was added at a concentra-
tion corresponding to its C,,,, in humans (total drug, as defined in
Table 1). LNZ, linezolid; OXA, oxacillin; GEN, gentamicin; VAN,
vancomycin; MXF, moxifloxacin; RIF, rifampin; TEL, telithromycin;
ORI, oritavancin.
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intracellular bacteria compared to those of extracellular bac-
teria were observed, but some antibiotics were more affected
than others. Only oritavancin, moxifloxacin, and oxacillin
achieved bactericidal effects (as defined by a 2-log decrease
from the original inoculum) at 24 h. Rifampin and gentamicin,
which were highly bactericidal toward extracellular bacteria,
did not reach this limit (and their intracellular activities were
actually close to those of vancomycin and linezolid). Telithro-
mycin was essentially bacteriostatic. There was no correlation
between intracellular activity and cellular accumulation among
the eight drugs tested.

Kinetics and influence of concentration on antibacterial ef-
fects in the MIC-C,,,, range. Six molecules were then selected
from among the bactericidal drugs to examine the influence of
concentration on the rate and extent of killing (Fig. 3). By first
considering extracellular activities, the extent of killing was
significantly concentration dependent for all drugs over the
range of concentrations investigated. The rate of killing also
increased with concentration for all drugs except rifampin, for
which a low concentration (but still above the MIC) caused the
antibiotic activity to plateau after 6 h. By next considering the
intracellular activities, both the rate and the extent of killing of
intracellular bacteria were considerably reduced compared to
those of extracellular bacteria; but significant concentration-
dependent effects were still observed with respect to both of
these parameters for vancomycin, oxacillin, and oritavancin
and with respect to the extent of killing for moxifloxacin and
rifampin. For gentamicin, an increase in the extracellular con-
centration from 5 to 18 mg/liter (10- to 36-fold the MIC) was
without significant effect at 6 h but caused a modest, albeit
statistically significant, increase in activity at 24 h, the extent of
which remained, however, very limited.

These experiments were then repeated with all drugs in-
cluded in this study but were limited to the examination of the
24-h time point and to three critical concentrations (the MIC,
10 times the MIC, and C,,,,,, except for rifampin, in view of its
very low MIC [see the Fig. 4 legend for the concentrations of
rifampin used]). The results are shown in Fig. 4 in a synoptic
fashion for ease of direct comparison of the results between
molecules and, for each molecule, between its extracellular and
intracellular levels of activity. The data show that (i) the mac-
rolides were always bacteriostatic toward both extracellular
and intracellular bacteria, whichever concentration was tested;
(ii) the largest discrepancy between extracellular and intracel-
lular activities occurred for gentamicin; and (iii) oxacillin
(among the four penicillins tested), levofloxacin, garenoxacin,
and moxifloxacin (among the four quinolones tested) and ori-
tavancin were bactericidal toward intracellular bacteria (and
the level of activity was in that order) but had to be used at
concentrations close to or equal to their C,,,,s to achieve such
an effect. There was, again, no simple correlation between
intracellular bactericidal effects and the MBC/MIC ratios or
the levels of cellular accumulation (as measured in uninfected
cells).

Wide range of concentration-effect relationships (pharma-
cological comparisons). Four molecules (oxacillin, gentamicin,
moxifloxacin, and oritavancin) were selected to obtain full
pharmacological dose-response curves based on (i) their dem-
onstrated dose-effect relationships in the MIC-C,,,, range and
(ii) their contrasting behaviors with respect to their intracellu-
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lar activity/extracellular activity ratios. Figure 5 shows the re-
sults, with the regression parameters and a detailed statistical
analysis presented in Table 3. Against extracellular bacteria, all
four drugs displayed similar relative potencies (50% effective
concentrations [ECss]) (53) and static concentrations at about
their MICs and 0.3 their MICs, respectively. Their relative
efficacies (maximum effects [E,,.s]), however, were signifi-
cantly different (oxacillin < moxifloxacin < oritavancin ~ gen-
tamicin). Against intracellular bacteria, all four drugs had sig-
nificant decreases in their relative efficacies (E,,,,), but these
decreases were roughly similar (E,,,, against intracellular bac-
teria/E,,,, against extracellular bacteria ratios, 0.42 [minimum]
to 0.64 [maximum]; because we could not reliably assess inoc-
ulum decreases larger than 4.2 log and arbitrarily set all larger
values to 5, these ratios may actually be overestimated for
highly bactericidal antibiotics such as oritavancin and genta-
micin). In contrast, the relative potencies (ECsys) were very
differentially affected, with oxacillin and moxifloxacin showing
no significant change compared to their corresponding poten-
cies against extracellular bacteria, whereas marked decreases
(9- to 14-fold) in potency (indicated by an increase in ECs)
were noted for gentamicin and oritavancin. This partially trans-
lated into an increase in the static concentrations of about 2-,
4-, 7-, and 17-fold for moxifloxacin, oxacillin, gentamicin, and
oritavancin, respectively.

Morphological studies. Electron microscopy (Fig. 6) was
used to examine the morphological changes of phagocytosed S.
aureus after exposure to the antibiotics in order to ascertain
that the decreases in the numbers of CFU seen in our exper-
iments were associated with visible changes in the number
and/or morphology of the bacteria. Oxacillin and oritavancin
were selected for use in this study, since both are reported to
act on cell wall biosynthesis and/or the cell wall structure,
making their potential action on the bacteria more easily rec-
ognizable. In the absence of these antibiotics (but in the pres-
ence of gentamicin at the MIC, to fully avoid extracellular
contamination), phagocytosed bacteria were darkly stained
(Fig. 6A), often actively multiplying, and surrounded by a thick
cell wall (Fig.B and C). In cells incubated with oxacillin, a large
number of intracellular bacteria appeared as ghosts with a
rarefied cytoplasmic material (Fig. 6D and E) or with large,
electron-lucent vacuoles (Fig. 6F). Ghosts were also commonly
observed in infected cells incubated with oritavancin (Fig. 6G),
with profiles often showing granular material sometimes ap-
posed on the periphery of the bacterial body (Fig. 6H).

DISCUSSION

The data presented in this paper underline three main prop-
erties of antibiotics in relation to their intracellular activities
that may not have been sufficiently detected in previous studies
because of an insufficient duration of exposure and the inves-
tigation of a limited range of concentrations. The model used
here has specifically tried to address these issues and has been
validated to exclude the significant contribution of extracellu-
lar growth within the limits of the experimental setup.

A first and unanticipated property is that all classes of anti-
biotics tested, with the exception of the macrolides, showed
significant intracellular killing when their extracellular concen-
tration was brought to a sufficiently high level and the time of
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FIG. 4. Influence of concentration on the extent of antibiotic activity against extracellular and intracellular S. aureus. The graphs show the
change in the number of CFU (A log CFU; means * SDs; n = 3; most SD bars are smaller than the symbols) 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
MIC (circles; 4 times the MIC for rifampin), 10 times its MIC (triangles; 530 times the MIC for rifampin), or its C,,,, in humans (squares; total
drug [Table 1]). Thick dotted line, static effect; thin dotted line, —2-log change (bactericidal effect, as defined by the Clinical and Laboratory
Standards Institute for bacteria growing in broth). AZM, azithromycin; TEL, telithromycin; GEN, gentamicin; LNZ, linezolid; PEN V, penicillin
V; VAN, vancomycin; TEC, teicoplanin; NAF, nafcillin, AMP, ampicillin; RIF, rifampin; CIP, ciprofloxacin; OXA, oxacillin; LVX, levofloxacin;
GRN, garenoxacin; MXF, moxifloxacin; ORI, oritavancin.

exposure was prolonged to 24 h. For two molecules at least therefore appear to modulate the final response and need to be
(oxacillin and oritavancin), we could show that the decreases in taken into account when results from different models are
cell-associated CFU are accompanied by evidence of severe compared. We know that this first part of our conclusion may
morphological alterations of the intracellular bacteria, consis- appear to be at variance with what has been drawn from pre-
tent with their known modes of action (3, 25), indicating true vious studies of the pharmacodynamics of antibiotics, namely,
intracellular expression of drug-related activity. This property that the activities of some drugs (most notably, the B-lactams)
is actually the direct consequence of two factors. The first is are predominantly time dependent, whereas the activities of
that all antibiotics studied here, with the exception of the others (most notably, the aminoglycosides and the fluoro-
macrolides, show concentration-dependent effects (for the four quinolones) are mainly concentration dependent (15, 16). Our

molecules tested in detail, we even observed typical pharma- observations being what they are, we suggest that the way that
cological dose-response curves with the classical basic proper- the drugs appear and can be differentiated from one another in
ties of threshold, slope, and maximal effects upon increasing most models essentially depends on two factors, namely, (i) the
concentration [53], irrespective of their specific modes of ac- value of the E_,,, parameter of the pharmacological response

tion). This definitely helps to provide an understanding of why (maximal activity) and the concentrations at which effects ap-
contradictory results are reported when only narrow ranges of proaching £, are obtained and (ii) the size (how large) of the

extracellular concentrations are explored. The second factor, concentration range examined. (The E, ,, values shown in
which is perhaps as critical as the first one, is that all drugs, Table 3 are negative numbers, since they pertain to decreases
with the exception of the macrolides and, surprisingly, ri- in bacterial counts. Greater activity is, therefore, strictly speak-

fampin, showed time-dependent effects when they were tested ing, associated with a smaller E ., Since this is rather coun-
at low multiples of their MICs. Both concentration and time terintuitive, we use the term “maximal activity” throughout this

FIG. 3. Influence of concentration on the rate and the extent of the activities of antibiotics against extracellular and intracellular S. aureus. The
graphs show the change in the number of CFU (A log CFU; means * SDs; n = 3; most SD bars are smaller than the symbols) per ml of culture
medium (extracellular) or in THP-1 macrophages per mg of cell protein (intracellular). Molecules are ordered by increasing bactericidal potential,
as determined by their MIC/MBC ratios in broth (Table 1). Except for rifampin, each antibiotic was tested at three increasing concentrations
corresponding to its MIC (circles), 10 times the MIC (triangles), and the C,,,, in humans (squares; total drug); rifampin was used at 4 (circles)
and 530 (triangles) times the MIC and at the C,,,, in humans (squares; total drug). Dotted line, static effect. For analysis of variance (ANOVA),
the same letter indicates no statistically significant difference between values; different letters indicate a P value <0.05. n.a., not applicable (below
the detection level); extrac., extracellular; intrac., intracellular; VAN, vancomycin; OXA, oxacilliny MXF, moxifloxacin; RIF, rifampin; GEN,
gentamicin; ORI, oritavancin.
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FIG. 5. Dose-response curves of four selected antibiotics against
extracellular (extra) and intracellular (intra) S. aureus. The graphs
show the change in the number of CFU (A log CFU; means * SD; n
= 3; most SD bars are smaller than the symbols) per ml of culture
medium (extracellular; closed gray symbols) or in THP-1 macrophages
(intracellular; closed black symbols) per mg of cell protein. Dotted
line, static effect. The sigmoidal function was used (Hill coefficient =
1 [42]); goodness of fit and regression parameters are shown in Table
3). Vertical arrow, C,,,, in humans (total drug; Table 1).

discussion.) This explains why the activities of some drugs may
have mainly been considered concentration dependent if they
were examined within a concentration range that is close to
their ECs,, whereas the activities of others, tested over a
higher concentration range, are essentially reported as time
dependent. In Fig. 5 we show where the C,,,, of each drug in
humans would fall on the abcissa to help delineate what could
be the microbiologically and clinically meaningful range of
concentrations to be considered (MIC-C,,,,). In this context,
gentamicin and oritavancin, which have higher maximal activ-
ities than oxacillin against extracellular bacteria within this
MIC-C,,.. range, will be expected to be markedly influenced
by the concentration within that range. Conversely, oxacillin,
the C,,, of which (as defined in Table 1) is much larger than
its MIC and which has a weaker maximal effect, will be ex-
pected to be less influenced by the concentration, which in turn
will make time a more predominant parameter. Moxifloxacin
has an intermediate behavior, with its activity being largely
concentration dependent when it is evaluated with concentra-
tions close to its MIC but with its activity becoming less con-
centration dependent when it is tested at concentrations close
to its reported C,,,, in humans. Since the maximal activities
against intracellular S. aureus are systematically lower than
those against extracellular bacteria, the impact of the concen-
tration on bacterial survival is accordingly less marked, which
makes gentamicin and oritavancin behave more like oxacillin
within the MIC-C,,, range of extracellular concentrations.

max
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This will increase the impact of the time during which the
bacteria are exposed to the antibiotic and suggests that the
activities of all these antibiotics actually appear to be mainly
time dependent. Extrapolation of our data for the categoriza-
tion of the activities of the drugs as concentration or time
dependent in vivo cannot, however, be done without caution. A
first uncertainty relates to the effective availability of the anti-
biotics in blood and extracellular fluids, which can be severely
impaired by binding to proteins or other biological constitu-
ents. As a help to the reader, however, we have provided in
Table 1 an estimation of the percentage of free drug in human
serum for each C,,, used in our study. If it is assumed that it
is only the free drug that drives activity, one could surmise that
the clinically meaningful concentration range of antibiotics
that are highly protein bound will shift toward lower values,
making the activities of most of them more and more concen-
tration dependent as their effective concentrations approach
the ECs,s. Unfortunately, the model used here does not easily
lend itself to a pertinent evaluation of even this simple effect of
serum protein binding, because (i) the serum concentration is
low, resulting in only weak and limited binding of antibiotics
that are usually reported to be highly protein bound (36); (ii)
this concentration cannot be markedly changed without caus-
ing cell death, thereby preventing most concentration-effect
studies; and (iii) the serum is of bovine and not human origin.
A second uncertainty is whether the results obtained with a
constant concentration over a 24-h period are predictive of
what may be observed in vivo with fluctuating concentrations,
as will be the case unless drugs are administered by continuous
infusion. This will need to be specifically addressed in future
studies. However, recent data from a study examining the
pharmacodynamics of erythromycin against intracellular Le-
gionella pneumophila by the use of both static and kinetic
models failed to reveal significant differences in behavior re-
lated to the type of exposure (60).

A second property that appears from the comparative anal-
ysis of the dose-effect is that intracellular activities consistently
remain lower than the extracellular ones, whether one consid-
ers what can be obtained at any given extracellular concentra-
tion or the maximal achievable effects (the E, ,, parameter;
because we could not reliably assess inoculum decreases
greater than 4.2 log, the intracellullar E,, /extracellular E
ratios observed for drugs highly bactericidal toward extracel-
lular bacteria may actually be underestimated). This property
was seen for all molecules studied and is probably more related
to bacterial or cellular parameters than to drug pharmacody-
namic or pharmacokinetic ones. The present study offers no
insight into the underlying mechanism. However, we know that
S. aureus cells phagocytosed by macrophages sojourn and
thrive in phagolysosmes (35, 52). We may reasonably suggest
that the metabolic changes triggered by the exposure of bac-
teria to this specific environment and to an acid pH in partic-
ular (46) could play a critical role (69). Alternatively, it is
possible that those bacteria that apparently remain insensitive
to antibiotics are physically protected from direct contact with
the drugs. These hypotheses need to be addressed in future
work but may face the difficulty of the specific analysis of what
may concern only a small, albeit significant, part of the original
inoculum. Thus, we could not directly examine the role of the
so-called small-colony variants, which have been linked to per-
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TABLE 3. Pertinent regression parameters® (with confidence intervals) and statistical analysis of the dose-response curves illustrated in Fig. 5

Extracellular Intracellular? P
Antibiotic” . luee
E ! (CE) ECs," (CI) Coaid R E ax (CT) ECs, (CI) Couic  RE VAW
Oxacillin —3.13 (—3.81 to —2.44)a;A  0.84 (0.34 to 2.04)a;A 045 0.966 —1.58 (—2.20 to —0.96)a;B  1.85 (0.51 to 6.53)a;A 2.09 0.909 <0.001

Moxifloxacin = —3.86 (—5.22 to —2.51)b;A  0.64 (0.16 to 2.56)a;A 027 0936 —2.77 (—3.31 to —2.22)b;B  0.81 (0.34 to 1.9)1b;A  0.63  0.956 <0.001
Gentamicin =~ —5.76 (=7.89 to —3.62)c;B  0.88 (0.28 to 2.78)a;A 030  0.969 —2.54 (—3.22 to —1.86)b;B  7.73 (2.86 t0 20.9)c;B  2.09  0.943 <0.001
Oritavancin =~ —5.55 (=8.03 to —3.07)c;B 1.00 (0.25 to 4.0)1a;A  0.29  0.956 —3.15 (—4.04 to —2.57)c;B  13.77 (448 to 42.4)c;B 479  0.927 <0.001

“ By use of all data points from antibiotic concentrations of 0.01 to 1,000 times the MIC. Data for samples without antibiotics were not used since there was evidence
of an overestimation of the true value of the intracellular counts when the extracellular concentration of antibiotic was lower than 0.01 the MIC (see Fig. 1). Statistical
analyses were performed as follows: analysis per column (one-way analysis of variance by the Tukey test for multiple comparisons between each parameter fof all drugs),
data with different lowercase letters are significantly different from each other (P < 0.05); analysis per row (unpaired, two-tailed ¢ test between corresponding
parameters of extracellular and intracellular activities), data with different uppercase letters are significantly different from each other (P < 0.05); global analysis
(analysis of covariance) by the Tukey test for multiple comparisons, for extracellular versus intracellular concentrations, the curves for each antibiotic are compared
between these two conditions; for global analysis between drugs, all four curves of extracellular or intracellular activities are compared between drugs.

® By analysis of covariance, there was no significant difference between drugs.

¢ In complete cell culture medium where the original inoculum (time zero) was 1.01 = 0.20 X 10° CFU/ml (n = 3).

4 Original (postphagocytosis) inoculum (time zero), 1.91 = 0.18 X 10° CFU/mg protein (n = 3).

¢ P values were determined by analysis of covariance and are for the extracellular concentration versus the intracellular concentration.

/CFU decrease (in log;, units) at 24 h from the corresponding original inoculum, as extrapolated for the antibiotic concentration at infinity; counts of less than 3
colonies/dish were considered below the detection level.

& (I, confidence interval.

/ Concentration (in multiples of the MIC) causing a reduction of the inoculum half-way between the initial (E,) and the maximal (E,,,,,) values, as obtained from
the Hill equation (by using a slope factor of 1; SD of log ECs values, 0.163 [minimum] to 0.241 [maximum]).

‘ Concentration (in multiples of the MIC) resulting in no apparent bacterial growth (the number of CFU was identical to that in the original inoculum), as determined
by graphical intrapolation.

sistent and relapsing infections (51), since we failed to detect considered in drug selection is the fact that the relative poten-
them in significant numbers in our experimental conditions. cies (as measured by the ECs, parameter) of some molecules
Likewise, it may prove difficult to determine to what extent a are markedly decreased against intracellular bacteria com-
small subpopulation of all intracellular bacteria are sojourning pared with those against extracellular bacteria. Gentamicin
in poorly accessible compartments. and oritavancin appear to be the most affected, even though

A third property, and probably the most critical one, to be both drugs primarily concentrate in lysosomes and related
vacuoles (62, 64), where S. aureus is thought to localize. These
vacuoles are acidic, which will markedly decrease the activities
of aminoglycosides (as is well known and which has been con-
firmed here for the strain of S. aureus used). In this context, it
is interesting that alkalinization of lysosomes has been associ-
ated with improved intracellular activities of aminoglycosides
(38). Yet, the activity of oritavancin is unaffected by acidity (as
shown in a previous publication [64] and confirmed here),
which indicates that effects other than pH, such as binding to
intralysosomal constituents, need to be taken into consider-
ation. In a broader context, a lack of true bioavailability and
the defeating effect of the local physicochemical conditions on
activity probably explain why cell accumulation per se is not
necessarily predictive of intracellular efficacy for most antibi-
otics. This even appears to be the case for drugs with apparent
large bioavailabilities, such as the fluoroquinolones. Indeed,
fluoroquinolones show considerably less activity than is antic-
ipated from their level of cellular accumulation, as demon-
strated here and in other recent studies (2, 48, 56). Macrolides
may also suffer from the same effects, but their bacteriostatic
character is probably the most critical determinant in their lack
of an intracellular killing effect. Conversely, the bactericidal
effects of B-lactams against intracellular S. aureus when these
compounds are used at large extracellular concentrations, as
seen here for oxacillin and in previous studies with ampicillin

- and meropenem (36), not only could be due to the fact that
FIG. 6. Electron microscopic appearance of serum-opsonated S. these drugs may reach intracellular concentrations that even-
aureus in THP-1 macrophages 24 h after phagocytosis. (A to C) Con- )1y reach far above their MICs but could also be due to the

trol cells (gentamicin was added at its MIC to prevent extracellular . . N
growth); (D to F) cells exposed to oxacillin; (G and H) cells exposed to production of cellular factors that enhance their activities (37,

oritavancin (both at their C,,,s in humans [total drug; Table 1]). Bars, 45, 67).
0.5 pm. Our results with linezolid and rifampin require attention,
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since both drugs are usually recommended for the treatment of
difficult-to-treat staphylococcal infections, but they failed to
demonstrate significant intracellular bactericidal effects in our
study. This observation is actually not surprising for linezolid,
which is essentially bacteriostatic and which does not accumu-
late in macrophages. Conversely, the weak intracellular activity
of rifampin, also seen in murine macrophages (57), was more
puzzling since its activity is concentration dependent and its
MIC was one of the lowest among those of all drugs tested,
especially at acidic pH. A key factor here could be that the
activity of rifampin, while it is marked after 3 to 6 h, does not
progress over time thereafter, showing the importance of tak-
ing this parameter into account when different antibiotics are
compared.

The present study used only one strain of fully susceptible S.
aureus, which may be considered a major limitation for extrap-
olation of the findings of this study to clinical situations. Ac-
tually, the strain studied here has been widely used for the
evaluation of the in vitro activities of new antibiotics in broth
(61) as well as in phagocytes (24). The choice of a unique,
well-characterized strain was actually essential for addressing
the question of antibiotic intracellular activity per se and avoid-
ing the blurring of the results because of other factors that can
modulate the intracellular response to antibiotics, such as vir-
ulence and variations in the expression of resistance mecha-
nisms. Given this caveat and pending further studies with clin-
ical strains, the data presented in this paper may provide
unambiguous pharmacological support to the use of new quin-
olones (7, 17) or oritavancin (40), as an alternative to B-lac-
tams (68), for the treatment of recurrent S. aureus infections,
provided that sufficient extracellular concentration/MIC ratios
are obtained for a sufficient period of time. These conditions
may not be obtainable for more toxic drugs such as aminogly-
cosides or conventional glycopeptides and will not be met with
bacteriostatic antibiotics. We also suggest that in vitro models
are useful for the appropriate design of animal and clinical
studies aimed at evaluating the efficacies of antibiotics against
intracellular pathogens, provided that they are made as rele-
vant to the in vivo situation as possible in terms of the drug
concentration and the duration of exposure.
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Objectives: To compare extracellular and intracellular activities of telavancin (versus vancomycin)
against Staphylococcus aureus (MSSA, MRSA, VISA and VRSA).

Methods: Determination of cfu changes (3-24 h) in culture medium and in macrophages at
concentrations ranging from 0.01 to 1000x MIC.

Results: Extracellularly, telavancin displayed a fast, concentration-dependent bactericidal activity
against all strains. The concentration—effect relationship was bimodal for MSSA and MRSA [two
successive sharp drops in bacterial counts (0.3—-1x MIC and 100-1000x MIC) separated by a zone of low
concentration dependency]. When compared at human total drug C,.x (vancomycin, 50 mg/L;
telavancin, 90 mg/L) towards MSSA, MRSA and VISA, telavancin caused both a faster and more marked
decrease of cfu, with the limit of detection (>5 log decrease) reached already at 6 versus 24 h for
vancomyecin. Intracellularly, the bactericidal activity of telavancin was less intense [-3 log (MSSA) to -1.5
log (VRSA) at C,.x and at 24 h]. A bimodal relationship with respect to concentration (at 24 h) was
observed for both MSSA and MRSA. In contrast, vancomycin exhibited only marginal intracellular
activity towards intraphagocytic MSSA, MRSA and VISA (max. —0.5 log decrease at 24 h and at Cy,ax)-

Conclusions: Telavancin showed time- and concentration-dependent bactericidal activity against both
extracellular and intracellular S. aureus with various resistance phenotypes. The data support the use of
telavancin in infections where intracellular and extracellular S. aureus are present. Bimodality of dose
responses (MSSA and MRSA) could indicate multiple mechanisms of action for telavancin.

Keywords: lipoglycopeptide, Gram-positive, bactericidal, phagolysosomes, concentration dependence

Introduction

Treatment for Staphylococcus aureus infections faces two major
issues: (i) recurrent and relapsing character (convincingly
associated with the capacity of this organism to survive and
multiply within eucaryotic cells)'™ and (ii) narrowing choice of
available agents due to increased emergence of resistance.’

Therefore, new agents remaining active against multi-resistant
strains and demonstrating bactericidal activity against both
extracellular and intracellular bacteria are needed. This is
probably all the more important since pharmacodynamic analyses
of vancomycin successes and failures in patients with severe
infections suggest that considerably higher drug dosages than
anticipated may be needed for successful therapy.®
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Telavancin, a hydrophobic derivative of vancomycin,” displays
a more intense bactericidal activity than vancomycin against
S. aureus and other Gram-positive organisms and remains active
against vancomycin-resistant organisms.®° This has been related
to its multiple modes of action, which, beyond inhibition of
bacterial cell wall synthesis, also includes disruption of bacterial
membrane integrity.'®!" Telavancin is effective in various animal
models of difficult-to-treat staphylococcal infections and in
biofilms,'>'® and is in clinical development.'”'® Moreover,
telavancin accumulates within alveolar macrophages,'® which
could be useful for controlling intracellular infections.

In the present study, we compared the extracellular and
intracellular activities of telavancin and vancomycin against
S. aureus, using strains with different resistance phenotypes
towards PB-lactams and vancomycin, and cultured murine and
human macrophages. The antibacterial responses were analysed
over a wide range of extracellular concentrations (pharmacolo-
gical analysis) and discussed in terms of total and free
concentrations as they can be observed clinically in humans.?%!

Materials and methods

Cells and cell cultures

Human (THP-1) macrophages (grown in suspension) and murine
(J774) macrophages (grown as monolayers) were cultured exactly as
described previously.?>

Bacterial strains and MIC determinations

The following strains were used: (i) ATCC 25923 (fully susceptible);
(ii) ATCC 29213 (B-lactamase producing MSSA); (iii) ATCC 33591
(MRSA with homogeneous resistance to oxacillin) and ATCC 43300
(MRSA with heterogeneous resistance to oxacillin);?® (iv) NRS23
(HIP08926) and NRS52 (HIP09737) [MRSA with intermediate level
of vancomycin resistance (VISA)]; and (v) VRS1 (HIP11714 or
Michigan strain)?’ and VRS2 (HIP11983 or Pennsylvania strain)*®
[MRSA with high level of resistance to vancomycin (VRSA)]. MICs
were measured by microdilution in Muller—Hinton broth,?>?°
supplemented by 2% NaCl for MRSA [US Clinical Laboratory
Standards Institute (CLSI), Wayne, PA].

Determination of antibiotic activity against extracellular
S. aureus

Kill curve experiments were performed in the culture medium of
macrophages (containing 10% foetal calf serum)* and for control
purposes also in Muller—Hinton broth, according to previously
published and validated methods.>° In brief, all samples (diluted
as needed) were prepared in a final volume of 1 mL, and 50 pL was
used for seeding standard Petri dishes. After 24 h incubation at 37°C,
colonies were counted using an automated detector?® with validation
for the linearity of the response (3—1500 colonies per dish), intra-day
reproducibility and lowest limit of detection (3 counts/plate,
corresponding to an actual 4.2 log cfu decrease from a typical initial
inoculum of 10° bacteria per mL; samples yielding fewer than three
colonies were arbitrarily considered as corresponding to a 5 log
decrease). Antibiotics were considered bactericidal at a given concen-
tration and a given time if causing a 3 log cfu decrease or greater
compared with the original inoculum.*

Phagocytosis of S. aureus and determination of antibiotic
activity against intracellular S. aureus

We used the same methods as those previously with MSSA ATCC
25923222423 except that linezolid rather than gentamicin was used to
control extracellular contamination when using VRSA [100x MIC for
washing; 1x MIC (2 mg/L for VRS1; 100 mg/L for VRS2) during the
incubation]. In brief, bacteria were opsonized with non-
decomplemented, freshly thawed human serum diluted 1:10 in
serum-free culture medium (RPMI 1640). Phagocytosis was
performed at a 4:1 bacteria—macrophage ratio. Elimination of non-
phagocytosed bacteria and collection of cells at the end of the
experiment were made by centrifugation at room temperature
[1300 rpm; 8 min; Eppendorf 5810R Centrifuge equipped with a
A-4-62 rotor (Eppendorf Geritgebau GmbH, Engeldorf, Germany)].
Macrophages were then lysed by resuspension in distilled water
and the corresponding samples processed for cfu counting as des-
cribed above and using the same upper and lowest limits of detection.
Proteins were measured in parallel as described previously.®!

Assessment of macrophage cell membrane integrity

Reliable determination of the intracellular activity of antibiotics
requires that direct contact between the extracellular drug and the
phagocytosed bacteria is avoided.’® Since telavancin increases
membrane permeability in bacteria,!' we tested its influence on
macrophage membrane by measuring the release of the cytosolic
enzyme lactate dehydrogenase using a method described previously
for assessing the toxicity of large concentrations of macrolides to
fibroblasts,>® of macrophages exposed to large concentrations of
fluoroquinolones and of efflux pump inhibitors,** and, more recently,
to distinguish between gentamicin-induced apoptosis and necrosis in
LLC-PK1 cells.* In brief, enzyme activity was measured in the
medium and in cells (collected by centrifugation as described above)
before (initial levels) and after 24 h incubation (post-incubation
levels) in the absence or in the presence of the antibiotics. Results
were expressed as the per cent increase in the medium/cell activity
ratio; therefore, corresponding to a net release of the enzyme from
cells. Control cells (no antibiotic added) and cells exposed to
telavancin showed the same increase (6.1 £ 0.3%) up to telavancin
concentrations of 150 mg/L, but there was a 25.2 + 2.5% increase for
cells incubated with 500 mg/L telavancin, denoting a significant level
of cell toxicity. Vancomycin (250 mg/L) was without significant
effect compared to control cells.

Confocal and electron microscopy

This was performed exactly as described previously for adherent and
non-adherent cells.”**

Materials

Telavancin hydrochloride for microbiological evaluation (purity >
90%) was supplied in powder form by Theravance Inc, South
San Francisco, CA, USA. Because of its low solubility, stock
solutions (1-10 mg/L in water) were prepared with extensive shaking
(at least 30 min) and carefully checked for absence of undissolved
material. Although suggested by the manufacturer, no DMSO and/or
acid addition was made since these interfered with macrophage
viability. Vancomycin and linezolid were procured as the correspond-
ing branded products registered in Belgium for parenteral use
(VANCOCIN® from GlaxoSmithKline; ZYVOXID® from Pfizer).
MSSA and MRSA strains were obtained from the American
Type Culture Collection (ATCC), Manassas, VA, USA; and VISA
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and VRSA isolates from the Network on Antimicrobial Resistance
in S. aureus (NARSA) at Focus Technologies, Inc., Herndon, VA,
USA. Cell culture or microbiology media were from Invitrogen
Ltd, Paisley, UK, and from BD Diagnostics Systems (formerly
DIFCO Inc.), Sparks, MD, USA. Other reagents were of analytic
grade and purchased from E. Merck AG (Darmstadt, Germany) or
Sigma-Aldrich-Fluka (St Louis, MO, USA).

Results
Susceptibility testing

MICs/MBCs (mg/L) of vancomycin were 1/1 and 1/1 for MSSA
ATCC 25923 and ATCC 29213; 2/4 and 2/2 for MRSA
ATC33591 and ATCC 43300; 4/4 and 4/4 for VISA NRS23
and NRS52 (MICs for VRSA VRS1 and VRS2 were >128 and
16). MICs/MBCs (mg/L) of telavancin were 0.5/0.5 for MSSA
(ATCC 25923 and ATCC 29213), 0.5/1 and 0.5/0.5 for MRSA
(ATCC 33591 and ATCC 43300), 0.5/0.5 for VISA (NRS23 and
NRS52), and 4/8 and 2/8 for VRSA (VRS1 and VRS2; the MICs
observed for those two VRSA are the same as those reported
recently by another group of investigators;% for VRS2; however,
the original publication®” reported a value of 0.5 mg/L). For all
strains, no marked difference was seen when MICs were deter-
mined in broth adjusted to pH 5.5 (to mimic the phagolysosomal
environment) versus pH 7.3.

Extracellular activity

Figure 1 shows the kinetics of activity of vancomycin and
telavancin towards extracellular S. aureus exposed to three
selected concentrations, namely the MIC, 10x MIC and a
concentration mimicking the reported human total drug Crnax. 2!
Vancomycin always acted slowly, with a marked influence of the
concentration at 24 h only. For all three strains tested,
a bactericidal effect (3 log cfu decrease) was obtained only at
a concentration of 10x the MIC or higher, and after an incubation
time of ~20 h at 10x the MIC and of 15 h at C,,,«. In contrast,
telavancin (i) was more concentration dependent; (ii) produced a
bactericidal effect for MSSA ATCC 25923 and ATCC 29213, and
for MRSA ATCC 33591 within 18 h at 1x the MIC only; (iii) was
bactericidal at Cy,,, for all strains (including the two VRSA
strains) within 2 (MSSA ATCC 25923) to 10 h (MRSA ATCC
43300 and VRS1); (iv) caused apparent complete eradication at
Ciax Within 6 h for MSSA ATCC 25923, MRSA ATCC 33591
and NRS52, and at 24 h for MSSA ATCC 29213 and MRSA
ATCC 43300. Towards VISA NRS23 and the two VRSA,
telavancin was bacteriostatic at its MIC, but caused a 4.5 log
decrease at C -

Figure 2 shows the results observed against MSSA ATCC
25923 using a wide range of drug concentrations (0.01 to 1000x
MIC) and after 3 or 24 h of incubation. At 3 h (left panel),
telavancin exerted an antibacterial effect that developed in a
bimodal fashion, with a first decrease in cfu to reach a plateau at
about 2.5 log below the original inoculum for concentrations
ranging from 1 to 10x MIC, followed by a second decrease to a
value close to the limit of detection at 300x MIC or higher. In
contrast, vancomycin caused only a modest decrease in cfu even
at the largest concentration tested. At 24 h (right panel),
telavancin caused a 4 log cfu decrease at the MIC, and the limit

of detection was reached at a concentration of 10x MIC, making
the bimodal character of the response difficult to observe.
Vancomycin also exhibited a dose-dependent bactericidal
activity, but higher multiples of MICs (3- to 10-fold) were
needed to achieve similar killing effects.

The concentration dependency of telavancin extracellular
activity towards S. aureus was further examined for all remaining
strains at the same time points (Figure 3; data obtained with strain
ATCC 25923 shown in Figure 2 are included for comparison). At
3 h (left panels), (i) an apparent static effect was seen for MRSA,
VISA and VRSA strains at a telavancin concentration close to the
MIC; (ii) the bimodal response with respect to the concentration
was clearly seen for MRSA [with the first plateau (1.5-2.5 log
decrease) in the 1-100x MIC range as for MSSA ATCC 29213],
but almost not for VISA and not for VRSA (linear decrease in cfu
as a function of the drug concentration). For all strains (except
MSSA ATCC 25923 which was more susceptible), a bactericidal
effect (3 log cfu decrease) at 3 h required concentrations of 300—
1000x the MIC. At 24 h (right panels), a bactericidal effect was
obtained for concentrations of ~0.85-2x MIC (0.4-1 mg/L) for
MSSA and MRSA, and of ~10-44x the MIC (5-22 mg/L) for
VISA and VRSA. The limit of detection was obtained at
concentrations spanning from 10x MIC (MSSA ATCC 25923)
to 250x MIC (NRS23). To check for a potential interference of
calf serum in the results shown above, kill curves (3 and 24 h)
were repeated for MSSA (ATCC 25923 and ATCC 29213) and
MRSA (ATCC 33591 and ATCC 43300) using Muller—Hinton
broth. Results not significantly different from those shown in
Figure 3 (including the bimodality of the response at 3 h) with an
excellent correlation between the two sets of data [linear
regression parameters for all data points included in the
comparison (n = 77; values below the detection limit were
excluded): slope, 0.981 £ 0.02 (95% CIL: 0.940-1.024); R? =
0.967; P < 0.0001].

Intracellular activity (infected macrophages)

We first examined whether our model of S. aureus infected J774
and THP-1 macrophages developed with MSSA ATCC 25923%%2°
could be used with the other strains included in this study. In all
cases, the intracellular growth could be monitored, and the
extracellular growth prevented by the addition of gentamicin
(Ix MIC for MRSA and VISA), or linezolid (1x MIC for VRSA)
when no glycopeptide was added (controls). Intracellular bacteria
were unambiguously observed in the macrophages by confocal
and/or electron microscopy (data not shown). As discussed
previously,” cultures maintained in the absence of antibiotic (or
with the lowest concentrations [0.01x MIC] of the antibiotics
tested) showed a larger bacterial growth [about 2-3 log cfu
increase (VRSA strains) over the original inoculum], which was
partly due to extracellular bacteria, but without gross deleterious
effect on macrophages, as assessed by the measurement of total
cell protein [no significant change (J774 macrophages) or modest
reduction (23.5% + 16.8; P = 0.017; n = 24 for THP-1 cells)
between infected cultures exposed to telavancin at 0.01 and
1000x MIC, respectively].

The kinetics of intracellular activities of vancomycin
(left panel) and telavancin (right panel) was compared towards
MSSA ATCC 25923 in THP-1 macrophages exposed to the three
selected concentrations (MIC, 10x MIC and the C,.) used
previously for assessing extracellular activities (Figure 4).
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Figure 1. Kinetics of activity of vancomycin and telavancin against the extracellular forms of S. aureus. The graphs show the variation in the number of cfu
per mL of culture medium upon incubation of S. aureus strains [MSSA: ATCC 25923, ATCC 29213; MRSA: ATCC 33591, ATCC 43300; VISA: NRS23,
NRS52; VRSA (telavancin only): VRS1, VRS2] for up to 24 h with increasing concentrations of vancomycin and telavancin [corresponding to 1x MIC, 10x
MIC, and the human C,,x (50 mg/L for vancomycinZI; 90 mg/L for telavancinzo]. The initial inoculum varied from 10°° to 10%% cfu/mL. Results are given as
means * standard deviation (n = 3; when not visible, SD are smaller than the symbols). The thick dotted line corresponds to a static effect (no change from the
initial inoculum); the grey dotted line shows the decrease in cfu (3 log) considered as denoting a bactericidal effect;* the dotted line at —5 log corresponds to the
lower limit of detection.

1180

72



Results

Telavancin extracellular and intracellular activities

—¥- Vancomycin —=- Telavancin|

T
3r | 3h | 3f 24h
o 2t : 2k
Q |
£ 1f : 1 N\\
£ o P : 0
& | L
% 1 \T_V—V—V\V_V\V |
o =2 ' 2
2 .L I L
43 ! -3
—4r : 4+
-5 '——I———‘[———l‘———l———‘r———l——_5 Eo——— == —— W= - ———
-2 -1 0 1 2 3 -2 -1 3

Log concentration (X MIC)

Figure 2. Concentration—effect relationship of the activity of vancomycin and
telavancin against the extracellular forms of S. aureus. The graphs show the
variation in the number of cfu per mL of culture medium upon incubation of
S. aureus MSSA ATCC 25923 for 3 h (left) or 24 h (right) with increasing
concentrations of vancomycin and telavancin (ranging from 0.01 to
1000x MIC). The initial inoculum was 10° cfu/mL. Results are given as
means * standard deviation (n = 3; when not visible, SD are smaller than the
symbols). The thick dotted line corresponds to a static effect (no change from
the initial inoculum); the thin dotted line at -5 log shows the limit of detection.

Vancomycin did not prevent bacterial growth at its MIC, became
static at 10x its MIC and achieved intracellular killing (1.3 log)
at its Cpnax only after 24 h (only marginal effects were seen at 3
and 6 h). In contrast, telavancin was rapidly bactericidal at all 3
concentrations tested, achieving a 2 log decrease within 6 h at its
Cax- No further decrease in bacterial counts, however, was seen
upon longer exposure to telavancin.

The concentration dependency of the intracellular activities of
vancomycin and telavancin was then examined at 24 h for all
strains over a 0.01 to 1000x MIC concentration range. Figure 5
shows the data obtained with THP-1 human macrophages. For
both antibiotics, concentration-dependent effects were seen, but
with significant differences in the concentrations needed for static
and maximal effects. Thus, a bacteriostatic effect was obtained
with vancomycin at 3—10x MIC or higher, but already at 1x MIC
with telavancin (except for VRSA which required higher
concentrations). At higher concentrations of telavancin, a first
plateau was then reached at about 1-1.5 log cfu below the original
inoculum for extracellular concentrations ranging from 1-5 to
50-100x MIC. This plateau was followed by a second decrease in
the number of cfu for MSSA and MRSA at concentrations ranging
between 100 and 1000x MIC. For VISA and VRSA, only a first
plateau at about 1.5 log decrease from the original inoculum was
observed. Similar results were obtained with telavancin in J774
macrophages (not shown).

Discussion

This study shows that telavancin displays a fast bactericidal
activity against extracellular as well as intraphagocytic forms of
S. aureus, including MRSA, VISA and VRSA strains. These
properties contrast with the overall behaviour of vancomycin,
which displays a slower bactericidal activity towards extracellular
bacteria, and a bacteriostatic effect only towards intracellular
bacteria.

Telavancin shares with vancomycin the pharmacophore that
allows its binding to the bacterial p-Ala-p-Ala motif, causing
inhibition of the peptidoglycan biosynthesis."' Telavancin,
however, also displays a decylaminoethyl side chain’® that
confers membrane destabilization properties in bacteria at higher
concentrations.'' This may explain why telavancin (i) acts more
quickly and is more bactericidal than vancomycin against
vancomycin-susceptible strains; (ii) displays bimodal concentra-
tion effects towards MSSA and MRSA, but almost linear
concentration effects towards VISA and VRSA, since these are
expected to be poorly susceptible (VISA) or resistant (VRSA) to
the p-Ala-p-Ala binding-mediated inhibition of peptidoglycan
synthesis. For the VRSA strains, the loss of the action mediated
by binding to p-Ala-p-Ala may also explain the higher MICs and
larger MBC/MIC ratio of telavancin, compared with other strains,
since the membrane destabilization-mediated mode of action,
which should be the only one to operate in VRSA, appears to
require larger concentrations.'’

The intracellular activity of telavancin was weaker than its
extracellular activity (as is the case for all antibiotics examined in
our models so far).zz'25 Yet, and in sharp contrast with vanco-
mycin, telavancin nevertheless exhibited a bactericidal activity
(defined here as a 3 log decrease from the original inoculum by
analogy to what is commonly accepted to categorize an antibiotic
as bactericidal and as proposed previously)* for all strains tested.
This effect is unlikely to result from a direct contact of extra-
cellular telavancin with intraphagocytic S. aureus, since we could
exclude any gross membrane destabilization of macrophages in
our model. Interestingly, bimodal concentration-effect curves
were clearly seen for intraphagocytic MSSA and MRSA, and to
some extent VISA, suggesting that the multiple modes of action
of telavancin observed against the extracellular forms of these
strains are also operating in the intracellular environment. We
know that telavancin penetrates macrophages in vitro and
in vivo."”*® Future studies will therefore need to critically
examine key cellular pharmacokinetic/pharmacodynamic para-
meters of telavancin such as its subcellular disposition, bioavail-
ability and local expression of activity.*’

The present data obtained in vitro may not be extrapolated to
the in vivo situation without caution. First, we only used two types
of immortalized macrophages with poor or no host defences
against intracellular infection,”*?’ but this was to obtain a true
pharmacological evaluation of telavancin (the activity of which
seems less influenced by the immune status of the host than that
of vancomycin or linezolid).'* Second, the persistence of viable
intracellular bacteria even after extended exposure to large
concentrations of telavancin needs to be critically examined, but
this phenomenon is not specific to telavancin.>* Third, we used
exposure to constant drug concentrations, which is not in line with
the projected clinical use of telavancin.'”'®

While all these limitations clearly call for the development of
more refined, dynamic in vitro models, the design of our
experiments, nevertheless, allows for potentially useful discus-
sions with respect to dose—effect relationships. Telavancin is
bactericidal (using the criterion of 3 log cfu decrease) within 24 h
for the extracellular forms of all strains at concentrations ranging
from 0.7 (MSSA ATCC 25923) to 22 mg/L (VISA NRS23, the
least susceptible strain in our study). /n vivo pharmacodynamic
models suggest that telavancin efficacy is best predicted by
the AUC/MIC ratio.'* Applying this to our conditions, the
AUC needed to reach a 3 log cfu decrease within 24 h
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Figure 3. Concentration—effect relationship of the activity of telavancin
against the extracellular forms of S. aureus. The graphs show the variation in
the number of cfu per mL of culture medium upon incubation of S. aureus
strains (MSSA: ATCC 25923, ATCC 29213; MRSA: ATCC 33591, ATCC
43300; VISA: NRS23, NRS52; VRSA: VRSI1, VRS2) for 3 h (left) or 24 h
(right) with increasing concentrations of telavancin (ranging from 0.01 to
1000x MIC). The initial inoculum varied between 1077 and 10°'? cfu/mL).
Results are given as meanststandard deviation (n = 3; when not visible, SD are
smaller than the symbols). The thick dotted line corresponds to a static effect
(no change from the initial inoculum); the grey dotted line shows the decrease
in cfu (3 log) considered as denoting a bactericidal effect®® (with the
arrowheads pointing to the corresponding antibiotic concentrations as used for
the calculation of the corresponding AUC (open arrowheads, strains with open
symbols; closed arrowheads, strains with closed symbols); the thin dotted line
at =5 log shows the limit of detection.
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Figure 4. Kinetics of activity of vancomycin and telavancin against the
intracellular forms of S. aureus in a model of human THP-1 macrophages. The
graphs show the variation in the number of cfu per mg cell protein upon
incubation of S. aureus MSSA ATCC 25923 for up to 24 h with increasing
concentrations of vancomycin and telavancin [corresponding to 1x MIC,
10x MIC and the human Cy,,, (50 mg/L for vancomycin“; 90 pg/mL for
telavancin®’)]. The initial inoculum was 102" cfu/mg of cell protein. Results
are given as means * standard deviation (n = 3; when not visible, SD are
smaller than the symbols). The thick dotted line corresponds to a static effect
(no change from the initial inoculum).

[AUC =24 (h) X C3jog decrease (Mg/L), using the data of Figure 3]
would be around 10 for MSSA ATCC 25923 and ATCC 29213,
around 12 and 25 for MRSA ATCC 39591 and ATCC 43300,
around 125 and 500 for VISA NRS52 and NRS23, and around
600 and 1200 for VRSA VRS2 and VRSI1). The typical human
dose of 10 mg/kg of telavancin (used in the current clinical
trials)' "' yields a total drug AUC of ~900 mg - h/L,*°
suggesting that a bactericidal effect will be easily be obtained
for MSSA, MRSA and VISA strains and for VRS2, and will be
close to being obtained for VRS1. But this does not take into
account the high protein binding of telavancin (93%).%° For
most antibiotics, including teicoplanin, another glycopeptide
with high protein binding, it is generally agreed that
pharmacokinetic/pharmacodynamic indices such as AUC/MIC
ratios must use free drug concentrations only.***' If this was
also the case for telavancin, we should conclude that bactericidal
effects may never be obtained for VISA and VRSA strains in
vivo, since the minimal AUC needed, based on our data but
corrected for protein binding, might be far above what the
projected clinical dosage could yield. Recent in vitro studies,
however, failed to demonstrate a marked influence of serum on
the killing capabilities of telavancin,*® suggesting that using
only free drug concentrations to calculate a given target
attainment rate would underestimate the real potency of the
drug. It is also of interest that kill curves performed in Mueller—
Hinton broth or in the cell culture medium (which contains 10%
foetal bovine serum) showed no significant differences.

Given these caveats, the present study suggests that telavancin
has the potential to display useful activity against S. aureus in
those infections where not only eradication of extracellular
bacteria but also the control of intracellular forms is critical.
Reaching both goals may allow decreasing persistence and
recurrence, two well-known features of many staphylococcal
infections. These may include skin and soft tissues infections, or
endocarditis, two diseases in which telavancin efficacy has
already been successfully studied.'>!*!7-18
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Figure 5. Concentration—effect relationship of the activity of telavancin
against the intracellular forms of S. aureus in a model using human THP-1
macrophages. The graphs show the variation in the number of cfu per mg cell
protein upon incubation of S. aureus strains [MSSA: ATCC 25923, ATCC
29213; MRSA: ATCC 33591, ATCC 43300; VISA: NRS23, NRS52; VRSA
(telavancin only): VRS1, VRS2] with vancomycin (left) or telavancin (right) at
increasing extracellular concentrations (ranging from 0.01 to 1000x MIC) for
24 h. The initial inoculum varied between 10%!'" and 10%%7 cfu/mg of cell
protein. Results are given as meanststandard deviation (n = 3; when not
visible, SD are smaller than the symbols). The thick dotted line corresponds to
a static effect (no change from the initial inoculum).
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ABSTRACT

Background: telavancin is a lipoglycopeptide with multiple mechanisms of action towards
bacterial cells. We examined here its interaction with eucaryotic cells with respect to
accumulation, distribution, and effects on membrane integrity and lipid content.

Methods: J774 macrophages and rat embryo fibroblasts were exposed for up to 24 h and 72
h to telavancin (5-90 mg/L [human Cq.]). We determine the drug cellular concentration
(radioactive drug), subcellular distribution (cell fractionation), as well as its influence on
cellular viability (release of lactate dehydrogenase) and phospholipid or cholesterol content.
Results: telavancin accumulated linearly as a function of the time and of the concentration in
both cell types (rate of uptake: ~ 0.01 pg/mg prot per h and per pg/ml of extracellular drug in
culture medium added by 10 % serum; twice this value in the absence of serum). Efflux
(measured in macrophages) was ~ 5.7-fold slower. Telavancin distribution was similar to that
of a lysosomal enzyme (N-acetyl-B-hexosaminidase) in a sucrose gradient. Telavancin did
not alter the pericellular membrane integrity (no significant release of lactate
dehydrogenase). It did neither significantly modify the cell content in total phospholipids or
cholesterol, in contrast to oritavancin, which induced a marked accumulation of both types of
lipids.

Conclusion : telavancin accumulates on a slowly reversible manner in the lysosomes of
phagocytic and non-phagocytic cells by a non specific mechanism. This accumulation is not
associated with any alteration of cell viability or lipid metabolism and may therefore represent

an advantage for the eradication of intracellular bacteria.
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INTRODUCTION

Telavancin is a lipoglycopeptide derivative of vancomycin,’ in phase Il of clinical
development for the treatment of complicated skin and soft tissues infections and of
pneumonia caused by multiresistant Staphylococcus aureus.?> As compared to its parent
compound, telavancin is characterized by an additional hydrophobic side chain on the
vancosamine sugar (decylaminoethyl) and by a (phosphonomethyl)aminomethyl substituant
on the cyclic peptidic core. These modifications confer to telavancin new pharmacokinetic
and pharmacodynamic properties.

First, telavancin shows a high protein binding (~90-93 %), and a reasonably
prolonged half-life (~ 7.5h),*®, which make it suitable for once-a-day administration.®’
Recent data also suggests a large distribution for this drug, with a high penetration in tissues®
and a slow accumulation in human alveolar macrophages.’® The latter property is however
difficult to characterize in vivo. The first goal of this study was therefore to examine the
cellular pharmacokinetics of telavancin, using both phagocytic (J774 mouse macrophages)
and non-phagocytic (rat embryo fibroblasts) cultured cells. These models have indeed been
successfully used in the past to determine the cellular pharmacokinetic properties of many
antibiotics.'*"?

Second, telavancin is highly and rapidly bactericidal towards multi-resistant gram-
positive organisms, including glycopeptide-susceptible organisms as well as glycopeptide-

1314 This results from its

intermediate and vancomycin-resistant Staphylococcus aureus.
complex mechanism of action, which involves a perturbation of bacterial lipid synthesis and
the disruption of the bacterial membrane.'”> The second aim of this study was therefore to
examine the specificity of action of telavancin towards bacterial cells, by evaluating the
membrane integrity and the content in polar lipids of macrophages and fibroblasts exposed
to telavancin. These studies were run in parallel with vancomycin and oritavancin (the latter
was indeed shown to cause a marked accumulation of phospholipids and cholesterol in

cultured cells'®).
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MATERIALS AND METHODS

Cells and cell cultures. J774 mouse macrophages and rat embryo fibroblasts were
cultivated respectively in RPMI 1640 medium or DMEM medium supplemented with 10 %

foetal calf serum (unless stated otherwise), as described.'®

Determination of cellular antibiotic concentration. Cells were incubated with "*C-labeled
telavancin, washed three times in ice-cold NaCl 0.9 %, and collected by scraping in distilled
water. Telavancin was assayed by radiometry, and its cell concentration was expressed by
reference to the protein content (see ref'> for a more detailed description of the
methodology). To check that the concentrations measured corresponded to those of a
bioactive product, we used in parallel a microbiological assay (with Micrococcus luteus ATCC
9341 as test organism and antibiotic medium 11), in which telavancin concentrations in
samples were calculated using a calibration curve constructed from cell lysates spiked with
known amounts of the drug. A correlation coefficient of 0.93 was found between cellular
contents measured by radiometric and microbiological assays. Validation by the LC-MS/MS

method used to measure serum level in vivo®®

was not feasible here, since preliminary
experiments showed that this procedure extracted only 2 to 10 % of telavancin from cell

lysates spiked with known amounts of the drug.

Cell fractionation studies. Separation of the main subcellular organelles was made by
means of combined differential and isopycnic centrifugation exactly as described in details
earlier.”” Protein and "C-telavancin contents were determined in the fractions in parallel with
the activity of marker enzymes of the main organelles, namely inosine 5'-diphosphatase
(E.C. 3.6.1.6.), cytochrome c oxidase (E.C. 1.9.3.1.), and N-acetyl-B-glucosaminidase (E.C.
3.2.1.30.). Results are expressed as the percentage of enzyme activity, protein or drug
recovered in each fraction in function of the density. Histograms were then standardized for

densities of equal increments ranging from 1.08 to 1.21, as described earlier."”

Biochemical studies. At the end of the incubation with glycopeptides, culture medium were
collected and cell sheets were washed three times in ice-cold NaCl 0.9 %, collected by
scraping in distilled water and lysed by sonication. Cell viability assessed by measuring the
percentage of lactate dehydrogenase released in the culture medium (using the technique
described by Vassault'®). Total phospholipids and cholesterol were extracted and assayed

as in previous publications.”® Proteins were assayed by the Folin-Ciocalteu/biuret method."
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Materials. Telavancin hydrochloride as powder for microbiological evaluation (purity > 90 %)
and 'C-telavancin trifluoroacetate (33.8 mCi/mmol; radiochemical purity >91 %) were
supplied by Theravance, Inc., San Francisco, CA. The labelled drug was mixed with
unlabelled telavancin to obtain a specific activity of 5 mCi/mmol. Stock solutions were
prepared at a final concentration of 1-2 mg/L, by vigorous vortexing in distilled water, so as to
avoid any effect of other solvent (acidified DMSO, as suggested by the manufacturer) on
cellular viability. Oritavancin (supplied as diphosphate salt fully hydrated) was obtained from
Intermune (Brisbane, CA). Vancomycin was procured as VANCOCIN © (the commercial
product registered for clinical use in Belgium and supplied by GlaxoSmithKline Belgium).
Cell culture or microbiology media were from Invitrogen (Paisley, Scotland, UK) and Difco
(Sparks,MD). Other reagents were of analytic grade and purchased from E. Merck AG
(Darmstadt, Germany) or Sigma-Aldrich-Fluka (St Louis, MO).
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RESULTS

Cellular pharmacokinetics of telavancin

Figure 1 (upper panels) shows the kinetics of accumulation or of efflux of telavancin
in cells incubated with an extracellular concentration of 90 mg/L (human Cmax®). In J774
mouse macrophages (left), the accumulation of the drug proceeded on a linear fashion over
24 hours. Telavancin efflux was also followed in macrophages exposed to 90 mg/L of
telavancin during 12 h, washed, and reincubated in a telavancin free-medium. Kinetics of
efflux was linear as well, but slower than influx (rate ~ 5.7-fold inferior to the rate of influx).
In rat embryo fibroblasts (right), telavancin uptake remained linear over 3 days, and
proceeded at a rate very similar to that observed in macrophages (~ 0.8 pg/mg prot/h).
Figure 1 (lower panels) examines the effect of increasing telavancin extracellular
concentration on its cellular accumulation in macrophages at 24 h (left) or in fibroblasts at 72
h (right). In both cell types, the cellular concentration was directly proportional to the
extracellular concentration over the whole the range investigated. Thus, since telavancin
accumulation proceeded linearly as a function of both the time and the drug extracellular
concentration, we calculated that the drug was taken up by macrophages and fibroblasts at a
very similar rate of ~ 0.01 pyg/mg prot per hour and per ug/ml of extracellular drug.

Since televancin is known as highly bound to serum proteins, we evaluated, in a next
series of experiments, the influence of calf serum present in the culture fluid on drug uptake.
To this effect, telavancin accumulation was measured in J774 macrophages, using in parallel
culture media added or not by calf serum, but limiting the incubation time to 5 h. In these
conditions, telavancin uptake remained linear over the 10-90 mg/L range of extracellular
concentrations, but proceeded 1.7-fold quicker than in the presence of 10 % calf serum,

corresponding to a rate of ~ 0.02 ug/mg prot per hour and per pg/ml of extracellular drug.
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Figure 1
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Upper panel: Kinetics of uptake of telavancin (closed symbols and plain line) in J774 macrophages (left)
or embryo fibroblasts (right) incubated for the indicated times with an extracellular concentration of
90 mg/L at 37°C in medium supplemented with 10 % foetal calf serum. The left panel also shows the
kinetics of efflux of the drug from cells loaded during 12 h in the same conditions and reincubated in a
drug-free medium for 24 h (open symbols and dotted line). Lower panel: cellular concentration of
telavancin in J774 macrophages (left) or embryo fibroblasts (right) incubated for 24 h at 37°C with the
indicated extracellular concentrations of telavancin in medium supplemented with 10 % foetal calf
serum. Results are given as arithmetic means + standard deviation (n=3). R? for linear regressions:
upper panel: 0.9832 for uptake and 0.8386 for efflux in macrophages; 0.9742 for uptake in fibroblasts;
lower panel: 0.9851 for macrophages; 0.9804 for fibroblasts.

Subcellular distribution of telavancin

The subcellular distribution of the cell-associated drug was then determined in
homogenates obtained from J774 macrophages incubated for 24 h with 90 mg/L telavancin
and separated by differential centrifugation into a "nuclei/unbroken cells" fraction (low speed
centrifugation), a "granule fraction" (high speed centrifugation), and a final supernatant. The
distribution of cell-associated telavancin in these fractions fitted well with that of the
lysosomal enzyme N-acetyl-p-glucosaminidase (respective recovery of telavancin and of this
enzyme were 10 % and 6 % in the supernatant, 55 % and 67 % in the "granules fraction",
and 35 % and 27 % "nuclei/unbroken cells" fraction). The "granule fraction" was therefore
analyzed by isopycnic centrifugation to determine the distribution of telavancin among the
organelles present in that fraction (mainly mitochondria, lysosomes, and the vesicles formed

by the disruption and resealing of the endoplasmic reticulum and pericellular membranes).
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Figure 2 shows the distribution of marker enzymes of lysosomes (N-acetyl-f-
glucosaminidase), mitochondria (cytochrome-c oxidase) and plasma/endoplasmic reticulum
membranes (inosine 5’-diphosphatase) in control cells. These profiles are well distinct from
one another, demonstrating an effective analytical separation of these organelles, as
observed in our previous publications.'*'” The distribution pattern of telavancin was largely
similar to that of the N-acetyl-pB-glucosaminidase, strongly suggesting a co-localization in the

same organelles (lysosomes).

Figure 2
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Assessment of telavancin influence on cellular viability and lipid metabolism

In the last series of experiments, we examined whether telavancin has the capacity to
affect cell viability by altering pericellular membrane integrity, as assessed by the release in
the culture medium of lactate dehydrogenase, a cytosolic enzyme. We also searched for an
effect on lipid metabolism, based on our previous observations that oritavancin, but not
vancomycin, induced a marked increase in the phospholipid and cholesterol content of
cultured cells.”® These glycopeptides were therefore used here in parallel and all were
compared at their human Cmax (90 mg/L for telavancin®; 50 mg/L for vancomycin® and 25
mg/L for oritavancin®'). Figure 3 illustrated the data obtained after 24 h and 72 h of
incubation in macrophages and fibroblasts, respectively. Thus, telavancin did not cause any

significant change in cellular viability, neither in the cellular phospholipid or cholesterol

84



Results

content, just as vancomycin. In sharp contrast, oritavancin induced a slight but significant
release of lactate dehydrogenase in macrophages (15 % of the total enzymatic activity,
versus 5 % for controls, vancomycin or telavancin) as well as a marked accumulation of

lipidic material in both cell types.

Figure 3
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Cellular viability (as assessed by the release of lactate dehydogenase in the culture medium; upper
panels), total phospholipids content (middle panels) or total cholesterol content (lower panels) of J774
mouse macrophages (left) or rat embryo fibroblasts (right) exposed for 24 h and 72 h, respectively, to
glycopeptides at their human Cmax (VAN, vancomycin 50 mg/L; TLV, telavancin 90 mg/L; ORI,
oritavancin 25 mg/L). Results are expressed as percentages of lactate dehydrogenase released in the
culture medium at the end of the incubation period, or as percentages of control values for total
phospholipids and cholesterol. Values are arithmetic means + SD, with n=3 for LDH release and n= 6-8
for phospholipids and cholesterol. Values for control macrophages and fibroblasts were respectively
204 + 10 and 295 + 8 nmol/mg prot for total phospholipids, and 72 + 3 and 130 £ 16 nmol/mg prot for
total cholesterol. Statistical analysis (ANOVA): ***, p < 0.001; **, p < 0.01; *, p < 0.05 as compared to
the matching control. Other differences are not significant.
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DISCUSSION

The present study documents that telavancin is internalised within eucaryotic cells,
but does not exert towards these cells the toxic effects associated to its cidal action against

prokaryotic cells (membrane permeabilization'), or observed with oritavancin.'®

Examining cellular pharmacokinetics first, we demonstrate here that telavancin
accumulates to high levels and on a slowly reversible fashion in the lysosomes of cultured
cells. Together with our previous report on oritavancin,'? this study therefore presents these
lipophilic glycopeptides as a new class of cell-associated antibiotics, which may be a clear
advantage for the eradication of intracellular infections. This has indeed been exemplified
with bacteria sojourning in the vacuolar apparatus, like S. aureus.?*.

Despite the gross similarity in the cellular pharmacokinetic profile of these two drugs,
some differences can nevertheless be evidenced. In particular, the accumulation of
telavancin is slower than that of oritavancin, with a calculated clearance of ~ 10 yL x mg
prot” x h™', against an initial value of ~ 150 uL x mg prot” x h™" for oritavancin.'> This rate,
however, is still higher than that of markers of fluid phase pinocytosis (~0.7 uL x mg prot™ x
h™) 2%, and therefore compatible with a mechanism of adsorptive endocytosis (as proposed
for oritavancin), driving the drug to the lysosomes from where its efflux is slow. The facts
that telavancin accumulation remains linear as a function of the time and of the concentration
in the ranges investigated, and reaches similar levels in both phagocytic and non-phagocytic
cells, nevertheless suggest that telavancin binding sites at the cell surface are far from being
saturated, in contrast to what was observed with oritavancin. '

Beside their biological interest, these in vitro data also need to be put in a
pharmacological perspective, and to be examined in the light of preliminary in vivo studies,
documenting the capacity of telavancin to accumulate in human alveolar macrophages, with
cellular concentrations reaching 42 (3.4-83) yg/ml at 24 h.° This value seems lower than what
was found here in vitro, but this can be explained by the following differences. First, our
model does not take into account the fluctuations in concentrations over time observed in
vivo, neither the capacity of the drug to gain access to alveolar macrophages from the blood
stream. Second, the protein binding of telavancin is not the same in human serum in vivo, or
in the culture fluid added by 10 % foetal calf serum we used in the present in vitro study. The
free fraction of the drug is indeed probably the one which is taken up by cells. Taking
therefore into account a protein binding of ~ 90-93 % and a half-life of ~ 7.5 h,®> we can
estimate that in vivo free serum concentrations would oscillate between ~ 10 and 0.5 pyg/ml.
Considering in our models a rate of uptake for the free fraction of ~ 0.02 pg/mg prot per hour

and per ug/ml of extracellular drug, cellular concentrations would reach at 24 h a minimum of
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~ 0.24 ug/mg prot (i.e. ~ 48 pg/ml, if approximating the mean cellular volume to 5 ul/mg prot
['? and references cited therein]). Third, in vivo cellular contents may be underestimated,
based on our observation that the LC-MS/MS method used to measure telavancin
concentration in human alveolar macrophages did not fully extract cell-associated telavancin

in our models (see methods).

Considering then cellular toxicity issues, we show here that telavancin does not affect
the pericellular membrane integrity, even upon prolonged exposure to concentrations much

5 We neither detect

higher than those needed to disrupt the permeability of bacterial cells.
any significant change in the cellular content of lipids, in sharp contrast to what we described
previously for oritavancin.' This divergence is most probably due to the fact that the cellular
concentrations in telavancin are much lower than those of oritavancin, with the maximal
values observed in our experimental conditions being close the threshold cellular contents in
oritavancin needed to induce lipid accumulation.”® We can however not exclude a difference

in the intrinsic capacity of both drugs to interfere with lipid metabolism.

As a whole, our in vitro data, therefore, bring a mechanistic support to the capacity of
telavancin to slowly accumulate within eucaryotic cells in vivo, and tend to suggest that high
cellular levels could also be achieved upon repeated administration of the drug over the
treatment duration, because of the slow reversibility of this accumulation. This
accumulation, however, is not associated with cellular alterations of the same nature as
those induced by telavancin in bacterial cells or by other lipoglycopeptides in eucaryotic cells.
Combined with the bactericidal potency of this drug, a high cellular accumulation can
therefore represent an advantage for treating persistent staphylococcal infections, for which

intracellular foci are probably present.?*#
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1. Models of intracellular infection

Although the intracellular-facultative bacterium S. aureus has been primarily considered an
extracellular pathogen, it is now clear that it can be internalized by both phagocytes and non-
phagocytic cells (102,167). The intracellular residence of S. aureus is considered to play an
important role on their persistence (host defenses evasion) and recurrence (antibiotic failure)
of infection (38,54,85).

Therefore, the selection of antibiotics for such infections should consider their efficacy not

only toward extracellular, but also towards intracellular bacteria (45,261).

Our work has precisely consisted in comparing the activity of a series of antibiotics against
the extracellular and intracellular forms of S. aureus in similar conditions of exposure (in
terms of time of incubation and antibiotic concentrations) so as to delineate how their activity
could be modified when bacteria are intracellular. To this effect we have developed and
validated an intracellular model in which human monocytes-like macrophages cells are

successfully infected by S. aureus strains for a period of up to 24-h.

1.1. Interest of the model

Although microbiological standard parameters to test antimicrobial activity are useful to
predict antibiotic outcome on extracellular bacteria (64), they do not provide information on
intracellular killing. By standardizing some of these parameters it is possible to study “in
vitro” adequate antibiotic concentrations and more precisely describe the course of this
antimicrobial activity. Many intracellular models have been developed over time, in many

cases, infecting cells of shorter life-span or performing shorter experiments (81,82,191,204).

The purpose of developing a model of bacterial infection is to standardize the optimal
conditions in which both eukaryotic and prokaryotic cells can live together in relevant
numbers, the first type of cells remaining alive while being infected, and the other type being
used in an appropriate number to allow its survival and multiplication within the host cell for a
set time in a reproducible manner. Extracellular bacteria need to be carefully eliminated, to
avoid acidification of the extracellular medium and subsequent macrophage death. Once

this optimal ratio has been found, the variations in the bacterial intracellular growth are
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minimal. Having done so, we have obtained a highly reproducible method to assess bacteria

intracellular survival; this is what we call an intracellular model.

Much has been said about the need for the antimicrobial to join its target at the site of
infection in order to exert activity (44,117-119,134,213,256). As such, intracellular models of
infection are an important tool for the “in vitro” study, not only of antibiotic cellular
pharmacokinetics (accumulation, distribution, degradation, bioavailability, binding to cell
constituents, cellular half-life, ...), but also of their cellular pharmacodynamics (activity,
cooperation with cell defense mechanisms, ...(45,261). It could also serve to assess the
intracellular fate of the bacteria, including mutations and metabolic changes used for survival.
In the present case, we have used in vitro models to compare in great detail antibiotic activity
on both the intracellular and the extracellular S. aureus, and to correlate activity with cellular
accumulation. Hence, our models are useful tools for the understanding of general bacteria-

to-cell “in vitro” interactions, especially when developing new antibiotic molecules.

The data obtained with our models correlates well with the results provided by other
intracellular infection models and in some cases underlines some of the reasons of clinical
failures (39,83,84,141,274). Additional studies are however needed to further validate our

results, including animal models.

1.1.1. Pharmacodynamics

Many studies of antibiotic activity are based only on parameters measured on the
extracellular form of the bacteria, utilizing parameters such as minimum inhibitory
concentration (MIC), minimal bactericidal concentration (MBC), maximum antibiotic levels on
the serum of treated patients (Cmax), to predict antibiotic efficacy (13,62-64). In contrast, we
have used intracellular models to fill the gap between antibiotic extracellular concentrations
and intracellular antimicrobial effects, but using clinically relevant ranges of concentrations,
(261).

Having been argued for long time that antibiotics have to accumulate in the eukaryotic cells
to be active against intracellular microorganisms (256), several experiments were aimed at
finding a correlation between antibiotic accumulation in the macrophages and the final
outcome of the infection. Our results however, show that accumulation per se is not

predictive of intracellular bacterial eradication. This suggests that intracellular activity
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critically depends on the ability of the bacteria to modulate their susceptibility profile when
intracellular and on the influence the intracellular medium can exert on antibiotic activity
and/or bacteria metabolism (27,167,280). We have shown for example that an acidic pH
markedly reduces the activity of macrolides and aminoglycosides, and to a lesser extent, of
quinolones, which may contribute to impair the activity of these antibiotics when tested
against a phagolysosomal organism like S. aureus. Further studies are however needed to
better apprehend the cellular or bacterial parameters that affect antibiotic activity

intracellularly.

A main interest of our model is clearly that it allows comparing antibiotics on a
pharmacodynamic basis, meaning over a wide range of equipotent concentrations
(expressed in multiples of their respective MIC) and over prolonged periods of time (up to
24 h). By doing so, we have been able to demonstrate that all antibiotics display
concentration-dependent effects and obey to the classical model of sigmoidal
pharmacological dose-responses. This contrasts with the conclusions from in vivo studies,
which suggest that some antibiotics like beta-lactams are time-dependent but not markedly
affected by concentration (64). This discrepancy can however be easily explained by the fact
that the beta-lactam concentrations found in serum are in a range where maximal effect is
already obtained.

We have also shown that these concentration-relationships are maintained intracellularly, but
are systematically characterized by a reduced Emax (maximal effect), associated with a
persistence of a low intracellular inoculum. Further studies are needed to determine whether
these intracellular persisters are a metabolic variant of the parent population with altered

susceptibility to antibiotics, or a subpopulation located in a non-accessible compartment.

1.1.2. Cell type

Unlike some other intracellular models which use cell lines of animal origin
(38,72,218,240,255), we have used human THP-1 cells (254). These cells present many of
the characteristics of human monocytes while forming an homogeneous and reproducible
population (19). They have been successfully used in various studies aimed at
characterizing the interactions between S. aureus and phagocytes in a clinical context
(89,110,209), and to analyze the potential relationship between cell accumulation of
antibiotics and intracellular activity, or how the modulation of the intracellular environment
may affect antibiotic intracellular activity (191,202). They constitute therefore an appropriate

model for the type of studies we wanted to perform.
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Moreover, an in sharp contrast with most phagocyte-infected models developed to date,
which use short incubation times (105,174,191,192,245,268,282) and most often
polymorphonuclear cells, our model presents the advantage of a successful 24-h maintaining
of the intracellular infection. This allows us (a) to determine the influence of time on antibiotic
activity, and (b) to evaluate the antibiotic activity towards bacteria in active stage of
multiplication, which is not the case after 5 hours where the bacteria are still in lag period of
intracellular growth (24,240).

1.1.3. Bacterial strains

Our intracellular model can been easily adapted to test bacterial strains with different
mechanisms of resistance and/or production of virulence factors (see also [152,197] for
applications to other strains in our laboratory). This is of importance in a clinical perspective
since multi-resistant S. aureus represents one of the major threats both in the hospital and in
the community settings.

The rare models of infections by resistant strains described in the literature usually examine
a single strain with a defined resistance mechanism in a given model (6,7,198). In contrast,
we have been able to use a same model (with same infection rate and same protocol of
infection of a single call line), which allows for a direct comparison of antibiotic activity
against different strains (23). In other words, the use of a common model allows attributing
unequivocally differences in antibiotic activity to differences in the intracellular susceptibility

of the investigated bacterial strains.

1.2. Validation of the data

Of importance for their global significance, the conclusions drawn from our in vitro data are
coherent with in vivo data examining the activity of the same antibiotics towards persistent or
recurrent staphylococcal infections and/or towards intracellular infections by other bacteria.
This is illustrated hereunder by typical examples for each of the main antibiotic classes

examined here.
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We have shown that aminoglycoside antibiotics are poorly active towards intracellular

infections by S. aureus due to their slow accumulation inside the cells and to their
inactivation at acidic pH.

Accordingly, their use is limited to chronical intracellular infections, like tuberculosis (93), for
which a long term antibiotic treatment allows for a sufficient penetration of these drugs inside
the infected cells. In the field of chronical staphylococcal infections like osteomyelitis, galenic
forms are under development to deliver the antibiotic directly within the infected bone and

limit by this way the low biodisponibility of the drug (151).

We have found that beta-lactam antibiotics are active towards intracellular S. aureus, despite
the fact they do not accumulate inside the cells. This activity, however, only develops over
time and high concentrations.

This may contribute to explain the clinical success of beta-lactams and their positioning as
first line therapy for MSSA infections, including infections with persistent or recurrent

character like skin and soft tissues infections, endocarditis, or osteomyelitis (70,96,221).

We have shown that new hemi-synthetic glycopeptides, in contrast to vancomycin,
accumulate to high levels in the lysosomes of cells and display marked intracellular
bactericidal effects.

The clinical experience is still limited with these molecules, but animal models demonstrate
that their efficacy in staphylococcal endocarditis (136,175). However, they do not prove

more efficient than vancomycin against susceptible strains.

We have shown that macrolides, despite their high cellular accumulation, are the less active
drugs in our intracellular models, due to the marked increase of their MIC at acidic pH and to
their intrinsic bacteriostatic character.

Based on their favorable cellular pharmacokinetics, macrolides have long been considered
as drugs of choice for intracellular infections (208). Our data would tend to suggest that they
might be useless, at least for bacteria sojourning in acidic compartments (where these drugs
precisely accumulate in large amounts). Accordingly, azithromycin proved ineffective for

treating S. aureus osteomyelitis in rats (196).

Among quinolones, moxifloxacin, levofloxacin and garenoxacin develop an important intra-
and extracellular bactericidal activity in our model.

The high diffusibility and bactericidal effect of quinolones probably contribute to the efficacy
of these drugs against S. aureus in animal models of endocarditis (88) and in the treatment

of chronical osteomyelitis (71).
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In our model, rifampicin shows a high cellular accumulation and a fast extra- and intracellular
effect, which does not progress with time.

Rifampicin is considered as one of the antibiotics of choice for the treatment of intracellular
infections and widely used for Mycobacterium tuberculosis (93). Its usefulness is
acknowledged in many other indications (271). The main limitations to a large use are its
poor safety profile and the easy selection of resistance by target mutation, which forces to
use it in combination only. In these combinations, the rapid bactericidal effect —evidenced

also in our model- of rifampin appears as a main determinant in global efficacy (14,22).

Linezolid, the first oxazolidinone antimicrobial on the market, shows only bacteriostatic
activity against both extracellular and intracellular S. aureus wild-type.

This static effect may explain why linezolid is poorly effective in short-term therapy in animal
models (58), but efficient upon prolonged administration (177), the latter being however

limited by its toxicity.

1.3. Limitations of the model

1.3.1. Constant concentrations

One of the setbacks of our intracellular model is that antibiotic concentrations are kept
constant over time and do therefore not mimic peak/trough variations as observed in vivo.
Our model allows however to calculate drug exposure in terms of Area Under the Curve
(AUC), as exemplified in the discussion of our study of the pharmacodynamics of telavancin
(23). Importantly in this respect, this parameter is considered as predictive of the efficacy of
most antibiotics (232).

1.3.2. Protein binding

Another major limitation of our model is that it does not allow reproducing the protein binding
of drugs as it is observed in human serum. Many antibiotics, including some of those we
have studied here (such as telavancin, oritavancin, teicoplanin, penicillin V, nafcillin, or
oxacillin) are indeed characterized by a high level of protein binding (48,260). It is usually
accepted that only the free fraction of antibiotics is important for activity because is the one
which is able to exert its pharmacological activity (66,160), and probably also in the context

of intracellular infection, to penetrate inside the cells. Our cell-culture medium contains only
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10% of calf fetal serum and this proportion cannot be markedly modified without causing
alteration of cell viability. Therefore, when we use in our models drug concentrations that
mimic the range of serum concentration observed in humans, we probably overestimate drug
exposure, in the sense that our free concentrations are higher from what is obtained in vivo.
This point was explicitly discussed in our papers, where we also try to take into consideration
the activity observed for concentrations mimicking the free serum concentrations in humans.
We can also however argue that for some drugs, like telavancin, in vitro data suggest that
bactericidal activity is maintained in the presence of serum and that MIC is only marginally

increased in human serum (155).

1.3.3. Phagocytes

As explained in the introduction, intracellular replication plays a key role in the persistence of
invasive S. aureus infections, providing protection against host defenses and antibiotics. Our
understanding of the mechanisms and consequences of the specific interactions between the
bacteria and the host cells are at present rather limited. In the present work, we have
focused our interest on monocytic-like cells, privileging by this way a model where cells can
be maintained viable even when infected for prolonged periods of time. These cells also
present a low level of intrinsic bactericidal mechanisms, which can be considered as an
advantage when willing to examine antibiotic efficacy (they can be considered as a living test
tube). The meaning of our results is thus limited by the fact that we cannot extrapolate our
conclusions to other cell types of interest, like PMN's, which constitute also a first line of
defense to infections but are better equipped with bactericidal mechanisms, or non-
phagocytic cells like osteoblasts, keratinocytes, or endothelial cells which are the target of
intracellular S. aureus in recurrent infections. In these cells, which are lacking of specific
defense mechanisms, the fate of staphylococci is indeed different, since the bacteria are

found in the cytosol and are able to induce cell death by apoptosis (29,183,255).
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2. Ideal properties of antibiotics for S. aureus infections

Based on our experimental data, the ideal properties of an antibiotic for the treatment of

S. aureus infections could be summarized as follows:

microbiological properties :
o activity not affected by the current mechanisms of resistance
o low MIC, including in acidic media
pharmacokinetic properties :
o capacity of reaching cellular (and lysosomal) concentration higher than the
MIC of the strain, as determined in acidic broth (a high accumulation is not
necessarily predictive of increased efficacy)
o slow efflux from the cell (for obtaining a maintenance of the active

concentration for prolonged period of time)

pharmacodynamic properties:
o intrinsic activity not affected, or even better, increased in acidic environments
o rapid bactericidal character
o capacity to act both on bacteria in active phase of multiplication and in lag
phase of growth

o absence of cellular toxic effects

Our work has suggested that these properties are best fulfiled for three classes of

antibiotics, namely:

New glycopeptides: they are not affected by acidic pH and rapidly bactericidal towards
both the extracellular and intracellular forms of S. aureus and marginally affected by their
resistance phenotype. The cellular alterations observed with oritavancin (263) call
however for caution, even though their biological significance is not established.

Fluoroquinolones, and moxifloxacin in particular (due to its low MIC): they also display a
rapid bactericidal effect towards both extra- and intracellular bacteria, even though there
are negatively affected by the acidic pH. An additional advantage of this class of drugs is
that they are distributed both in the lysosomes and in the cytosol (43,238), and therefore
prove efficient towards bacteria localized also in this compartment (46,238). This may be
an important benefit when remembering that S. aureus can also develop in the cytosol of

non — phagocytic cells (29,183,218). A severe limitation of quinolones, however, consists
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in the fact that most hospital-acquired MRSA strains are now resistant to this antibiotic
class (184,193).

Beta-lactams, and oxacillin in particular, proved unexpectedly efficacious towards
intracellular MSSA. In contrast to both glycopeptides and fluoroquinolones, however,
their bactericidal effect takes time to develop. Another intriguing observation made in
parallel studies from our laboratory is that intracellular MRSA recover their susceptibility
to beta-lactams ([153]; this effect has been attributed to the acidic pH of the
phagolysosomes, which is able to increase the binding of beta-lactams to still
undetermined proteins at the bacterial surface [Lemaire et al, submitted for publication]).
We therefore come to a situation where beta-lactams could be more useful for
intracellular than for extracellular infections, which is in complete opposition with what
was thought during years (44,117-119,134,213,256) !
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1. Exploring the intracellular fate of S. aureus

As suggested in the introduction, the intracellular fate of S. aureus is not yet fully understood

(98,167). In relation with this question, an intriguing observation made in this work and also

reproduced by other teams (191) is that a complete eradication of intracellular bacteria

cannot be achieved in 24 h, whatever the drug used. Hypotheses to explore may include the

presence of an intracellular pool poorly accessible to antibiotic or the presence of intracellular

bacteria having become insensitive to antibiotics. To examine these possibilities,

We could examine, in confocal microscopy, infected cells after 24 h of exposure to
antibiotics.  Bacteria could be labeled by FITC prior infection (240); subcellular
compartments could be labeled by appropriate markers (for example, antibodies directed
towards LAMP proteins for lysosomes or towards rab-5 for endosomes [8,220]).
Difficulties will reside in the fact that high inoculum will be needed to observed a sufficient
number of bacteria at the end of the 24-h incubation.

We could carefully search for S. aureus variants like SCV, which have been shown to be
induced in the intracellular medium (272), and are known to present a reduced
susceptibility to most antibiotics, due to alterations in electron transport system and trans-
membrane potential, slow growth, and atypical biochemical characteristics
(28,163,180,237). We have not observed them in routine examination of our plates, but
we cannot exclude their presence, since they could be detectable only upon more
prolonged incubation (2-3 days) in enriched culture media (21,144).

We could compare the global metabolism of S. aureus when extracellular and
intracellular, to try evidencing differences explaining its reduced susceptibility to
antibiotics. Recent studies have for example shown major changes in the genetic
expression of S. aureus when exposed to acidic pH (280). Likewise, the intracellular
expression of toxins may contribute to the induction of apoptosis in non-phagocytic cells
(122). Typical approaches for this type of study could include microarrays (comparisons
of the mRNA levels from extracellular and intracellular bacteria) or proteomic approaches
(comparison of the protein expression pattern from extracellular and intracellular
bacteria). In the experience from our laboratory, however, the latter approach is
extremely difficult because it required the careful separation of the proteins from the

bacterial and from the host cells (265).
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2. “In vitro” dynamic models and “in vivo” models

We have insisted in the general discussion on two main limitations of our model, namely the
facts that (a) it does not allow to vary drug concentrations over time, and (b) it does not
correctly apprehend to issue of protein binding to serum proteins. These problems could be
solved by developing "in vitro dynamic models" (165), in which a system of pumps allow to
vary the drug concentration over time in a way that can mimic the human pharmacokinetic
profile of the antibiotic under investigation (65). These models have been largely described
for antibiotic testing in "extracellular" infections (9,78,91,157), but have only rarely applied to
intracellular pathogens (133).

A second step in the validation of our in vitro data, which would take into account both
variations in drug concentrations over time and the serum protein binding, would consist in
examining antibiotic activity in in vivo models of intracellular infections (65). Many animal
models do exist to examine the activity of antibiotics towards extracellular infections, and
these models have allowed establishing the current bases of antibiotic pharmacodynamics
(12,13,64,233). Interestingly, a animal model of mixed extracellular-intracellular peritoneal
infection has been recently developed (229), in which mice are infected by peritoneal
injection of S. aureus, treated by antibiotics, and sacrificed. Antibiotic activity is then
determined in the peritoneal fluid (total activity) and after centrifugation (extracellular activity

in the supernatant and intracellular activity in the pellet of peritoneal macrophages).

3. Antibiotic combinations

Therapeutic strategies towards multi-resistant strains have pointed out the interest of using

antibiotic combinations for severe S. aureus infections (2). In most cases antimicrobial

combinations are employed to broaden and enhance the spectrum of coverage, avoid the

selection of resistant strains and increase the bacterial killing (90).

Classical combinations include :

= rifampin associated to another drug like an aminoglycoside a beta-lactam, a quinolone, a
glycopeptide, quinupristin-dalfopristin or linezolid (36,68,194,227,230,236,252). Though
the main goal of these combinations is to avoid the easy selection of mutants resistant to
rifampin, they also often prove most effective that monotherapies.

= an aminoglycoside associated with an antibiotic acting on the cell wall (beta-lactam); this

combination is well known to be synergistic (40), because the alteration of the cell wall
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integrity by beta-lactams favors the penetration of the aminoglycoside inside the bacteria
(69).

Most of the synergistic effects of antibiotic combinations have been studied in vitro and they
are used in humans based on synergism in test tubes. It would therefore be worthwhile to
examine whether favorable interactions between antibiotics do also take place in our
intracellular models. It would be of particular interest in this respect to examine whether the
concomitant use of two antibiotics would allow reducing to a higher level the intracellular
inoculum (we never reach a reduction more important than 2-3 log when using a single drug).
We could also investigate in our model whether the combination of a beta-lactam and an
aminoglycoside shows a complementarity of effects for the simultaneous control of the
intracellular bacteria (by the beta-lactam) and of the extracellular bacteria (by the
aminoglycoside). This would be still more interesting for MRSA, which were demonstrated
recently in our laboratory to recover their susceptibility to beta-lactams intracellularly (153). In
this case indeed, a drug acting on extracellular bacteria remaining resistant to beta-lactams

is absolutely required.
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