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FIG 1 Comparative phagocytosis and intracellular survival of S. aureus of the normal phenotype (wild type [WT]), SCVs (menD [supplemented {menDs} or not
{menD} with 2 pg/ml MSB for intracellular survival] and hemB), and the hemB genetically complemented strain (hemBgc) in nonactivated THP-1 cells (open
bars) or in THP-1 cells activated by 48 h of incubation with 200 pg/liter PMA (solid bars). (Top) Enumeration of cell-associated CFU after 1 h of phagocytosis
(left) and after 24 h of incubation postphagocytosis (right). (Bottom) Comparative growth of the strains over 48 h of incubation, with data expressed as changes
from the initial inoculum. Data are means of 3 to 6 independent experiments performed in triplicate. Statistical analysis was by analysis of variance with the Tukey
post hoc test) for differences between activated and nonactivated cells (***, P < 0.001; **, P < 0.01; NS, not significant) and differences between strains for a given
type of cell (lowercase letters, comparison between strains in nonactivated cells; uppercase letters, comparison between strains in activated cells; different letters

show significant differences with P values of <0.05).

(1,11, 50), modulated the potency of antibiotics. For this purpose,
infected cells were incubated for 24 h with each of the investigated
antibiotics at its C, determined from the results of the concentra-
tion-effect experiments [Table 1]) alone or in the presence of 25
mM N-acetylcysteine. Figure 3 shows that N-acetylcysteine mark-
edly decreased the activity of gentamicin and moxifloxacin against
all strains in both nonactivated and PMA-activated cells. Thus,
rather than an apparent static effect, we observed substantial bac-
terial growth (about 1 to 3 log CFU) compared to what was ob-
served for these antibiotics in the absence of N-acetylcysteine. The
effect was more important in PMA-activated cells for gentamicin
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toward all strains except the parental strain and for moxifloxacin
toward the parental and the hemBgc strains. The effect of N-ace-
tylcysteine on oritavancin activity was less marked, with a gain of
only 0.5 to 1.5 log,, CFU for the parental, menD, hemB, and
hemBgc strains and a slight decrease in the numbers of CFU for the
supplemented menD mutant (menDs).

In uence of H ,0, on antibiotic extracellular activity. To fur-
ther investigate the potential cooperation between antibiotics and
the oxidant species produced by phagocytes suggested by the pre-
vious experiment, we evaluated the influence of H,O, on the ac-
tivity of antibiotics. To determine this effect, MICs were measured
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FIG 2 Concentration-response curves of gentamicin, moxifloxacin, and oritavancin in nonactivated THP-1 cells (solid line) or in cells activated by 48 h of
incubation with 200 pg/liter PMA (dotted line) against the S. aureus parental strain with the wild-type phenotype, its menD mutant in medium supplemented
by 2 pg/ml MSB (menDs), its hemB mutant (hemB) and the hemB genetically complemented mutant (hemBgc) (top), or its menD mutant under control
conditions (menD) (bottom). Infected cells were incubated in the presence of increasing concentrations of antibiotics (total drug) for 24 h. The ordinate shows
the change in the number of CFU (log scale) per mg of cell protein compared to the postphagocytosis inoculum. The solid horizontal line corresponds to an
apparent static effect. The abscissa shows on the log scale the drug concentration in the culture medium expressed in multiples of the MIC measured at pH 5.5
(for all strains except the hemB strain) or pH 5.5 in the presence of hemin (for the hemB strain, based on data having demonstrated the availability of hemin-like
compounds in the cellular medium [20]). All values are means * standard deviations (SDs) of three independent determinations (when not visible, the SD bars

are smaller than the size of the symbols). Experiments were reproduced 3 times with similar results.

in broth at neutral as well as at acidic pH for bacteria preexposed
to 10 mM H,0, for 30 min and compared with those for unex-
posed bacteria. Table 2 shows that preexposing bacteria to H,O,
caused a drastic decrease of the MIC of gentamicin and moxifloxa-
cin toward all strains when using readings made at 24 h. Values,
however, were higher when readings were made after 48 h. Inter-
estingly, preincubation with H,O, restored the susceptibility of
the menD mutant (supplemented or not with MSB) to gentamicin
at acidic pH, and this effect partially persisted at 48 h. In contrast
to the other two antibiotics, the MIC of oritavancin was essentially
unaffected by preincubation of the bacteria with H,O,.

DISCUSSION

Although differentiation of monocytes in macrophages by PMA
has been quite extensively studied, the influence of PMA on the
phagocytosis of bacteria and their intracellular survival, as well as
on the intracellular activity of antibiotics, has rarely been de-
scribed. The present study is, therefore, one of the first to have
examined these parameters in detail. We used THP-1 cells and
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S. aureus because this pair has been extensively studied by us
and others using nondifferentiated cells (6, 21, 33, 35, 36, 39). To
make the study as informative as possible with respect to the role
played by the persistence of intracellular bacteria in the relapsing
and recurrent character of staphylococcal infection, we examined
wild-type S. aureus cells and also their SCV counterparts using a
series of isogenic strains, the behavior of which in nonactivated
cells has recently been characterized (20).

Considering the phagocytosis and intracellular survival of the
bacteria first, we show that cell activation by PMA causes an ap-
parent decrease in the number of viable bacteria associated with
the cells after phagocytosis, as well as reduces intracellular growth
upon further incubation. The reduction in the number of phago-
cytosed bacteria is a priori surprising since PMA is known to favor
phagocytosis by THP-1 cells. However, this effect of PMA was
studied only with latex beads (14, 43, 55), the uptake of which is
nonspecific. In contrast, phagocytosis of S. aureus requires its at-
tachment at the cell surface mainly via fibronectin-binding pro-
teins FnBP-A and FnBP-B that connect to cellular integrins via
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FIG 3 Influence of N-acetylcysteine on the intracellular activity of antibiotics in nonactivated THP-1 cells (open bars) or in cells that have been activated by
incubation with 200 pg/liter PMA for 48 h (solid bars). Antibiotics were used at their C,, i.e., the concentration at which no apparent change from the initial
inoculum was observed, as interpolated from concentration-effects studies (Table 1), and the number of viable bacteria (CFU) per mg of cell protein was
determined after 24 h of incubation in the presence of 25 mM N-acetylcysteine. Values are expressed as the difference in CFU from the values recorded in the
absence of N-acetylcysteine (NAC; close to 0 in all cases). All values are means =+ standard deviations (SD) of three independent determinations (when not visible,
the SD bars are smaller than the size of the symbols). Experiments have been reproduced 3 times with similar results. Statistical analysis was by analysis of variance
with the Tukey post hoc test, and data with different letters indicate significant differences (P < 0.05) between strains (lowercase letters, in nonactivated cells;
uppercase letters, in activated cells) and cell types (***, P < 0.001; **, P < 0.01).

soluble fibronectin and trigger internalization (23, 24, 44). The
COL strain used in the present study, however, is described to be
deficient in fibronectin-binding proteins (48), which may explain
why internalization may not be favored in PMA-activated cells,
despite their increased capacity to bind fibronectin (19). PMA also
induces a marked stimulation of the production of oxidant species
(19, 43). Oxidative burst is a major mechanism by which phago-
cytes defend themselves against bacterial invasion, including in-
vasion by S. aureus (17, 22). Thus, we may reasonably hypothesize
that phagocytized bacteria are more quickly killed in PMA-acti-

vated THP-1 cells than unstimulated cells. This would explain (i)
the differences in recovery and the apparent slower growth of
phagocytized wild-type bacteria since the endpoint (number of
CFU) is the net result of the two opposite processes of bacterial
growth and killing (as already observed by us in Listeria monocy-
togenes-infected THP-1 cells upon stimulation of the production
of reactive oxygen species by exposure to gamma interferon [38])
and (ii) the still lower recovery of SCVs compared to that of the
parent strain, because SCVs are hypersusceptible to oxidant
agents in vitro (53).

TABLE 2 Influence of preincubation with H,0, on MICs of antibiotics against the COL strain, its SCVs, and the genetically complemented hemB

strain, with readings made at 24 h and 48 h”

MIC (mg/liter)
menD mutant hemB mutant
Without Without With
Antibiotic pH H,0, Wild type MSB With MSB hemin hemin hemBgc
Gentamicin 7.4 - 0.25/0.25 1/1 1/1 0.5/0.5 0.125/1 0.25/0.5
+ 0.03/1 0.125/1 0.125/1 0.125/1 0.125/0.5 0.03/1
5.5 — 1/1 32/64 32/64 32/32 0.5/0.5 1/1
+ 0.125/2 0.125/2 0.125/4 0.125/2 0.06/2 0.125/2
Moxifloxacin 7.4 - 0.03/0.06 0.125/0.125 0.125/0.125 0.125/0.25 0.06/0.125 0.03/0.06
+ 0.008/0.125 0.008/0.125 0.008/0.125 0.002/0.06 0.008/0.06 0.008/0.125
5.5 - 0.125/0.25 0.25/0.5 0.5/0.5 0.25/0.5 0.125/0.125 0.125/0.5
+ 0.002/0.125 0.002/0.125 0.002/0.125 0.001/0.125 0.002/0.125 0.002/0.125
Oritavancin 7.4 — 0.25/1 0.03/0.06 0.03/0.06 0.125/0.125 2/4 0.25/0.25
+ 0.25/1 0.03/0.06 0.03/0.06 0.125/0.125 2/4 0.25/0.25
5.5 - 0.25/1 0.125/0.125 0.06/0.125 0.125/0.25 0.25/0.5 0.25/1
+ 0.25/1 0.125/0.125 0.06/0.125 0.125/0.25 0.25/0.5 0.25/1

@ Preincubation was in medium supplemented or not in menadione sodium bisulfite (MSB; 2 pg/ml) or in hemin (2 ng/ml). Data are for readings made at 24 h/48 h. The slow
growth of SCVs sometimes made readings difficult to obtain at 24 h. hemBgc, genetically complemented hemB strain.
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Moving now to the analysis of the data concerning antibiotic
activity, a first striking observation is that moxifloxacin and gen-
tamicin share a similar response to cell activation by PMA, char-
acterized by an increased potency (lower apparent static concen-
tration) compared to that against the parental strain, the
genetically complemented strain, and the hernB mutant which be-
comes indistinguishable from that measured against the menD
strain in nonactivated cells. Two complementary pieces of evi-
dence suggest that this effect results from cooperation between
these antibiotics and the oxidant cell defense mechanisms that
have been stimulated by PMA. First, their activity is impaired in
cells coincubated with the general antioxidant N-acetylcysteine.
Second, the MICs of both drugs markedly decreased when bacte-
ria were preincubated with an oxidant species like H,O,. This is
consistent with the fact that the bactericidal mode of action of
these two drugs involves the formation of radical species within
the bacteria (15, 28, 29). The fact that MICs were higher at 48 h is
probably due to the short duration of the effect of H,O, over time.
Of note, however, the activity of the two drugs appeared to be
unaffected by activation of cells when tested with the menD strain.
A plausible explanation is that the deficiency in electron transport
in this strain already makes it sensitive to the basal level of oxidant
species produced by nonactivated cells, in relation to the fact that
SCVs have been described to be hypersensitive to oxidants (53).
The hemB mutant does not show this hypersusceptibility, but this
strain behaves like the complemented strain when exposed to the
intracellular medium (20), probably because this milieu contains
heme-rich compounds capable of restoring its normal metabolic
activity. Interestingly, an oxidant environment is also able to re-
store the activity of gentamicin against both types of SCVs, sug-
gesting that it can compensate for the defect in transmembrane
electrical potential (AW) responsible for the intrinsic resistance of
SCVs to aminoglycosides (8, 40).

A second and contrasting observation is that the concentra-
tion-response profile of oritavancin is not altered by cell activation
by PMA, regardless of the strain examined. This suggests that, in
contrast to aminoglycosides or fluoroquinolones, the bactericidal
activity of oritavancin is less dependent on the formation of radi-
cal species. We show indeed that the oritavancin MIC is not
affected upon preincubation of bacteria with H,O, and its intra-
cellular activity is less affected by N-acetylcysteine. While amino-
glycosides or fluoroquinolones act upon intrabacterial targets,
oritavancin bactericidal activity is assumed to result from inhibi-
tion of cell wall synthesis and anchoring to the bacterial mem-
brane, causing depolarization and alteration of membrane perme-
ability (9). Indeed, both in vitro and animal studies document that
oritavancin and the two other classes of drugs interact very differ-
ently with cell host defenses. First, at clinically relevant concentra-
tions oritavancin does not modify the production of reactive ox-
ygen species by THP-1 cells (32) and neither increases nor
decreases the capacity of phagocytic cells to kill pathogens that are
out of its spectrum of activity, like Acinetobacter baumannii or
Candida albicans (5). In contrast, moxifloxacin induces the release
of reactive oxygen species by THP-1 cells (21). Second, oritavan-
cin is highly effective in neutropenic animal models of infection
(2),1.e., in the absence of oxidative defenses, whereas higher doses
of fluoroquinolones are needed to reach a bacteriostatic effect
when used in neutropenic versus immunocompetent animals (3).
We also know that aminoglycosides show shorter postantibiotic
effects in neutropenic animals (18).
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Another and mutually nonexclusive explanation for the differ-
ence between oritavancin and the other drugs with respect to the
influence of PMA on their potency could result from the delayed
growth of bacteria in PMA-activated cells. Moxifloxacin suffers
from an inoculum effect (31), which may explain why it is less
active against intracellular bacteria when the amount of viable
organisms is large. Gentamicin is more active against highly divid-
ing bacteria (16), and we have seen that THP-1 differentiation
slows the growth of intracellular S. aureus. In contrast, oritavancin
remains bactericidal against both small and large inocula and re-
mains bactericidal against slow-growing bacteria (4, 10). Yet, be-
cause of the pleiotropic effects exerted by PMA on THP-1 cells
(43), we cannot exclude other concomitant mechanisms. We
must also acknowledge that intracellular antibiotic activity was
examined at a single time point; cooperation with cell defense
mechanisms could have been different if shorter or longer incu-
bation times had been used.

In conclusion, the data presented here show that activation of
THP-1 cells by PMA affects the intracellular potency (apparent
static concentration) of antibiotics to an extent that may reflect
the dependence of their action on reactive oxygen species, without
affecting their maximal efficacy. This may point to a useful process
of cooperation between antibiotics and host defenses for certain
agents, such as gentamicin and moxifloxacin. Conversely, agents
for which cell activation has a minimal effect (like oritavancin)
may remain as effective when host defense mechanisms are weak-
ened.
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