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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 [�-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
[Cmax; 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 Cmaxs (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

(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 �-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, Ill., 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 �l 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 (R2 � 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 106 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 � 106 to 2 � 106 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 106 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 accumulation. Accumulation studies were
performed as described in previous publications (12, 47), but the majority of

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 �-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 14C-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 �l 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 3-14C-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 [14C]orita-
vancin (labeled on the chloro-biphenyl side chain; specific activity, 3.5 �Ci/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 (Cmax [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 �-lactams and rifampin. The MBCs were close
to the MICs measured at pH 7.3 (�2-dilution difference) for
gentamicin, rifampin, the �-lactams, oritavancin, and the quin-
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olones (except ciprofloxacin). In contrast, the macrolides and
linezolid had higher MBCs (equal to or higher than their
corresponding Cmaxs). Vancomycin, teicoplanin, and cipro-
floxacin showed intermediate behaviors, with their MBCs be-
ing considerably higher than their MICs but still lower than
their Cmaxs.

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 Cmax 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, �-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 1. MICs and MBCs of antibiotics under study against S. aureus ATCC 25923 compared to the Cmax
a

Antibioticb
MIC (mg/liter)

MBC (mg/liter) Dosage and routec Human Cmax (mg/liter)
(Total drug) % Free drug Reference(s)

pH 7.3 pH 5.0

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 i.v. 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 23d

Moxifloxacin 0.06 0.25 0.06 400 mg p.o. 4 52 58, 59

a 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.

b 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).
c p.o., oral; i.v., intravenous.
d 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.

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

Antibiotica Cellular
accumulationb

Extracellular
concn (mg/liter)

Azithromycin 37.8 � 1.3 5c

Telithromycin 27.9 � 1.3 2d

Gentamicin 4.4 � 0.1 250c

Linezolid 0.5 � 0.0 250c

Penicillin V 1.2 � 0.1 150c

Nafcillin 2.6 � 0.1 400c

Ampicillin 1.0 � 0.1 150c

Oxacillin 4.0 � 0.1 250c

Teicoplanin 7.4 � 0.2 150c

Vancomycin 6.3 � 0.1 100c

Oritavancin 148.0 � 12.0 25d

Rifampin 17.6 � 0.9 50c

Ciprofloxacin 5.1 � 0.1 4.3d

Levofloxacin 7.0 � 0.6 4d

Garenoxacin 9.1 � 0.3 4d

Moxifloxacin 7.6 � 0.3 4d

a 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 �l per mg of cell protein (12,47).

c A concentration larger than the Cmax was used because of a lack of sensitivity
of the microbiological assay.

d Concentration corresponding to the Cmax (as defined in Table 1).
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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 (Cmax). 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-

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

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 (� log CFU; means
� SDs; n � 3; most SD bars are smaller than the symbols), starting from an initial inoculum of approximately 106 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.

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 (� 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 Cmax 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-Cmax 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 Cmax, 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 Cmaxs 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-Cmax range and
(ii) their contrasting behaviors with respect to their intracellu-

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 [EC50s]) (53) and static concentrations at about
their MICs and 0.3 their MICs, respectively. Their relative
efficacies (maximum effects [Emaxs]), however, were signifi-
cantly different (oxacillin � moxifloxacin � oritavancin 	 gen-
tamicin). Against intracellular bacteria, all four drugs had sig-
nificant decreases in their relative efficacies (Emax), but these
decreases were roughly similar (Emax against intracellular bac-
teria/Emax 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 (EC50s) 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 EC50)
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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exposure was prolonged to 24 h. For two molecules at least
(oxacillin and oritavancin), we could show that the decreases in
cell-associated CFU are accompanied by evidence of severe
morphological alterations of the intracellular bacteria, consis-
tent with their known modes of action (3, 25), indicating true
intracellular expression of drug-related activity. This property
is actually the direct consequence of two factors. The first is
that all antibiotics studied here, with the exception of the
macrolides, show concentration-dependent effects (for the four
molecules tested in detail, we even observed typical pharma-
cological dose-response curves with the classical basic proper-
ties of threshold, slope, and maximal effects upon increasing
concentration [53], irrespective of their specific modes of ac-
tion). This definitely helps to provide an understanding of why
contradictory results are reported when only narrow ranges of
extracellular concentrations are explored. The second factor,
which is perhaps as critical as the first one, is that all drugs,
with the exception of the macrolides and, surprisingly, ri-
fampin, showed time-dependent effects when they were tested
at low multiples of their MICs. Both concentration and time

therefore appear to modulate the final response and need to be
taken into account when results from different models are
compared. We know that this first part of our conclusion may
appear to be at variance with what has been drawn from pre-
vious studies of the pharmacodynamics of antibiotics, namely,
that the activities of some drugs (most notably, the �-lactams)
are predominantly time dependent, whereas the activities of
others (most notably, the aminoglycosides and the fluoro-
quinolones) are mainly concentration dependent (15, 16). Our
observations being what they are, we suggest that the way that
the drugs appear and can be differentiated from one another in
most models essentially depends on two factors, namely, (i) the
value of the Emax parameter of the pharmacological response
(maximal activity) and the concentrations at which effects ap-
proaching Emax are obtained and (ii) the size (how large) of the
concentration range examined. (The Emax values shown in
Table 3 are negative numbers, since they pertain to decreases
in bacterial counts. Greater activity is, therefore, strictly speak-
ing, associated with a smaller Emax. Since this is rather coun-
terintuitive, we use the term “maximal activity” throughout this

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 (� 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 Cmax 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.

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 (� 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 Cmax in humans (squares; total drug); rifampin was used at 4 (circles)
and 530 (triangles) times the MIC and at the Cmax 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, oxacillin; MXF, moxifloxacin; RIF, rifampin; GEN,
gentamicin; ORI, oritavancin.
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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 EC50, whereas the activities of others, tested over a
higher concentration range, are essentially reported as time
dependent. In Fig. 5 we show where the Cmax 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-Cmax). In this context,
gentamicin and oritavancin, which have higher maximal activ-
ities than oxacillin against extracellular bacteria within this
MIC-Cmax range, will be expected to be markedly influenced
by the concentration within that range. Conversely, oxacillin,
the Cmax 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 Cmax 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-Cmax range of extracellular concentrations.

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 Cmax 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 EC50s. 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 Emax parameter;
because we could not reliably assess inoculum decreases
greater than 4.2 log, the intracellullar Emax/extracellular Emax

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-

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 (� 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, Cmax in humans (total drug; Table 1).
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sistent and relapsing infections (51), since we failed to detect
them in significant numbers in our experimental conditions.
Likewise, it may prove difficult to determine to what extent a
small subpopulation of all intracellular bacteria are sojourning
in poorly accessible compartments.

A third property, and probably the most critical one, to be

considered in drug selection is the fact that the relative poten-
cies (as measured by the EC50 parameter) of some molecules
are markedly decreased against intracellular bacteria com-
pared with those against extracellular bacteria. Gentamicin
and oritavancin appear to be the most affected, even though
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 �-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
these drugs may reach intracellular concentrations that even-
tually reach far above their MICs but could also be due to the
production of cellular factors that enhance their activities (37,
45, 67).

Our results with linezolid and rifampin require attention,

FIG. 6. Electron microscopic appearance of serum-opsonated S.
aureus in THP-1 macrophages 24 h after phagocytosis. (A to C) Con-
trol cells (gentamicin was added at its MIC to prevent extracellular
growth); (D to F) cells exposed to oxacillin; (G and H) cells exposed to
oritavancin (both at their Cmaxs in humans [total drug; Table 1]). Bars,
0.5 �m.

TABLE 3. Pertinent regression parametersa (with confidence intervals) and statistical analysis of the dose-response curves illustrated in Fig. 5

Antibioticb
Extracellularc Intracellulard

P
valuee

Emax
f (CIg) EC50

h (CI) Cstatic
i R2 Emax (CI) EC50 (CI) Cstatic R2

Oxacillin 
3.13 (
3.81 to 
2.44)a;A 0.84 (0.34 to 2.04)a;A 0.45 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 0.27 0.936 
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 0.30 0.969 
2.54 (
3.22 to 
1.86)b;B 7.73 (2.86 to 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 (4.48 to 42.4)c;B 4.79 0.927 �0.001

a 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 t 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.

b By analysis of covariance, there was no significant difference between drugs.
c In complete cell culture medium where the original inoculum (time zero) was 1.01 � 0.20 � 106 CFU/ml (n � 3).
d Original (postphagocytosis) inoculum (time zero), 1.91 � 0.18 � 106 CFU/mg protein (n � 3).
e P values were determined by analysis of covariance and are for the extracellular concentration versus the intracellular concentration.
f CFU decrease (in log10 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.
g CI, confidence interval.
h Concentration (in multiples of the MIC) causing a reduction of the inoculum half-way between the initial (E0) and the maximal (Emax) values, as obtained from

the Hill equation (by using a slope factor of 1; SD of log EC50 values, 0.163 [minimum] to 0.241 [maximum]).
i 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.
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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 �-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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