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P-glycoprotein (P-gp; MDR1), a major efflux transporter, recognizes various antibiotics and is present in
macrophages. We have examined its effect on the modulation of the intracellular accumulation and activity of
daptomycin towards phagocytized Staphylococcus aureus (ATCC 25923) in human THP-1 macrophages, in
comparison with MDCK epithelial cells (wild type and MDCK-MDRI1 overexpressing P-gp; the bulk of the
protein was immunodetected at the surface of all three cell types). Daptomycin displayed concentration-
dependent intracellular activity (Hill equation pattern) in THP-1 and MDCK cells with (i) 50% effective drug
extracellular concentration (EC;,; relative potency) and static concentrations at 9 to 10 times the MIC and (ii)
maximal efficacy (E,,,,,; CFU decrease at infinite extracellular drug concentration) at 1.6 to 2 log compared to
that of the postphagocytosis inoculum. Verapamil (100 pM) and elacridar (GF 120918; 0.5 pM), two known
inhibitors of P-gp, decreased daptomycin EC;, (about threefold) in THP-1 and MDCK cells without affecting
E,...- Daptomycin EC;, was about three- to fourfold higher and accumulation in MDCK-MDR1 commensu-
rately lower than in wild-type cells. In THP-1 macrophages, (i) verapamil and ATP depletion increased, and
ouabain (an inducer of mdrl [the gene encoding P-gp] expression) decreased the accumulation of daptomycin
in parallel with that of DiOC, (a known substrate of P-gp); (ii) silencing mdr1 with duplex human mdr1 siRNAs
reduced the cell content in immunoreactive P-gp to 15 to 30% of controls and caused an eight- to 13-fold
increase in daptomycin accumulation. We conclude that daptomycin is subject to eflux from THP-1 macro-

phages and MDCK cells by P-gp, which reduces its intracellular activity against phagocytized S. aureus.

Active efflux of drugs from eukaryotic cells is now recog-
nized as a major determinant in the modulation of their phar-
macokinetic properties in relation to absorption, distribution,
and excretion, and needs, therefore, to be fully taken into
account in the assessment of their activity and toxicity (20, 27,
40, 49, 66). In this context, P-glycoprotein (P-gp), one of the
main members of the superfamily of the ATP-binding cassette
(ABC) efflux proteins, has been shown to recognize antibiotics
(59, 61), and could therefore modulate their intracellular ac-
tivity. Thus, P-gp-mediated efflux was found to partially defeat
the cellular accumulation and to reduce the activity of azithro-
mycin towards Staphylococcus aureus phagocytized by murine
J774 macrophages (46, 47).

In the present study, we have examined and assessed the role
of P-gp in the modulation of the intracellular accumulation
and activity of daptomycin in human THP-1 macrophages. To
better ascertain the specificity of the effects seen to the activity
of P-gp, we also used Madin-Darby canine kidney (MDCK)
cells, for which stable lines overexpressing P-gp are available
(12). Originally described in the mid-1980s as LY 146032 (11),
daptomycin has become the lead member of the new class of
the so-called acidic lipopeptide antibiotics. These are charac-
terized by a membrane-related mode(s) of action (53), which
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results in a marked bactericidal activity against multiresistant
gram-positive organisms, including methicillin-resistant S. au-
reus (14, 23). Intracellular survival of S. aureus is often consid-
ered as an important determinant in the relapsing and recur-
rent character of staphylococcal infections (see references 13
and 31 for a discussion). Yet, the intracellular uptake and
activity of daptomycin have been little explored so far (63). We
show here that daptomycin exerts concentration-dependent
activity against intracellular S. aureus in the two types of cells
studied but that its accumulation, and thereby its activity, is
partially defeated by efflux through P-gp.

MATERIALS AND METHODS

Materials. Daptomycin was obtained as laboratory samples for microbiological
evaluation from Novartis Pharma AG, Basel, Switzerland. Verapamil, ouabain,
gemfibrozil, and 3-ethyl-2-[5-(3-ethyl-2(3H)-benzoxazolylidene)-1,3-pentadi-
enyl]-iodide (DiOC,) were from Sigma-Aldrich (St. Louis, MO). Elacridar
(GF120918) was the generous gift of GlaxoWellcome Research and Develop-
ment (Laboratoire Glaxo Wellcome, Les Ulis, France). Unless stated otherwise,
cell culture media and sera were from Invitrogen, antibodies from Sigma-
Aldrich, and other products from Merck KGaA (Darmstadt, Germany).

Bacterial strain and susceptibility testing. S. aureus ATCC 25923 (methicillin
sensitive) was used throughout our experiments. Daptomycin MIC, as deter-
mined by microdilution in Mueller-Hinton broth supplemented with 50 mg/liter
CaCl, (15), was 0.125 mg/liter (determinations made in triplicate; value checked
for consistency throughout our experiments).

Cell cultures and assessment of cell viability. Experiments were performed
with (i) THP-1 cells (ATCC TIB-202), a human myelomonocytic cell line dis-
playing macrophage-like activity (57) and obtained from the American Tissue
Collection (LGC Promochem Ltd., Teddington, United Kingdom), and (ii)
MDCK wild-type cells (29) and MDCK cells transfected with human mdr]
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(MDCK-MDR1) (12), both obtained from P. Borst (The Netherlands Cancer
Institute, Division of Molecular Biology and Centre of Biomedical Genetics,
Amsterdam, The Netherlands). Maintenance of cell viability in the presence of
daptomycin and P-gp inhibitors was assessed by trypan blue exclusion test (val-
idated against the accepted method of measuring lactate dehydrogenase release
used in our previous studies) (4) with CSA-13, a membrane-damaging antibiotic
(25). Verapamil was dissolved in water, and gemfibrozil and elacridar were
dissolved in dimethyl sulfoxide (DMSO; we checked that the concentrations of
DMSO brought in the final culture medium [0.5%] did not interfere with the cell
accumulation of daptomycin).

Cell infection and assessment of intracellular activities of daptomycin. Infec-
tion and assessment of intracellular activity in THP-1 cells were performed
exactly as previously described (26). Infection of MDCK and MDCK-MDR1
cells was performed following the protocol previously described for J774 mac-
rophages (45), except that (i) phagocytosis was allowed to take place for 2 h with
an inoculum of 107 bacteria/ml, and (ii) nonphagocytized bacteria were removed
by extensive washing only (to avoid using gentamicin, which caused a marked loss
of cell viability if used immediately after phagocytosis). For both cell types, the
postphagocytosis inoculum comprised between 1.8 and 2.7 X 10° CFU per mg of
cell protein, a value close to what was obtained in our previous studies (3, 26).
Intracellular activity was assessed as previously described for J774 cells.

Assay of cell-associated daptomycin and DiOC, and calculation of apparent
cellular-to-extracellular concentration ratios. Daptomycin and DiOC, were as-
sayed by fluorimetry, according to previously described procedures (51, 54), with
the following modifications and performance characteristics. For daptomycin,
excitation and emission wavelengths were set at 380 and 425 nm, and linearity
was obtained between 1 and 250 mg/liter (R* > 0.99). For DiOC,, excitation and
emission wavelengths were set at 485 nm and 620 nm, and linearity was obtained
between 0.05 and 10 mg/liter (R* > 0.99). We checked in pilot experiments that
verapamil, gemfibrozil, and ouabain did not interfere with this assay. In contrast,
elacridar intrinsic fluorescence made it impossible to assay daptomycin in its
presence. Cell protein was assayed in parallel using the Folin-Ciocalteu/biuret
method (30). The cell-associated contents in daptomycin and DiOC, were ex-
pressed by reference to the total cell protein content and converted into apparent
concentrations using a conversion factor of 5 pl per mg of cell protein as
commonly used for cultured cells. The level of accumulation of each compound
was then expressed as the ratio of this apparent cell concentration to the corre-
sponding extracellular concentration.

Measurements of free cell Ca>* concentrations. Calcium-sensor dye Fluo-3
(19, 36), under its acetoxymethyl ester form (Fluo-3-AM; Invitrogen), was dis-
solved in DMSO with the nonionic detergent Pluronic F-127. THP-1 macro-
phages were harvested, suspended in Ca”*-free Hanks balanced salt solution
supplemented with 5 g/liter bovine serum albumin, and exposed for 30 min at
25°C to 5 uM Fluo-3-AM in the same medium supplemented with 1 mM pro-
benecid (to reduce cell efflux of Fluo-3 after its intracellular deesterification).
Cells were thereafter washed in Ca?*-free Hanks balanced salt solution-bovine
serum albumin-probenecid medium, incubated for 30 min at 25°C in the same
medium, and thereafter incubated without (controls) or with either 100 WM
verapamil or 250 uM gemfibrozil or ionomycin (50 pM; a Ca®* jonophore [6]).
‘Whole-cell fluorescence was then read continuously for up to 60 min at room
temperature (Ny., 485 nm; N\, 530 nm) using a Packard FluoroCount micro-
plate reader instrument (PerkinElmer Life and Analytical Sciences, Inc., Wal-
tham, MA).

Modulation of P-gp expression by siRNA (gene silencing). THP-1 macro-
phages (107 cells) were transfected with 0.75 pg of duplex human mdrl small
interfering RNA (siRNA) (Santa-Cruz Biotechnology, Heidelberg, Germany).
We used a Nucleofector II electroporation apparatus (Amaxa Biosystems,
Cologne, Germany), following the general procedure described for THP-1 cells
(program V-001), with cells suspended in Royal Park Memorial Institute (RPMI)
1640 culture medium supplemented with 10% fetal bovine serum and either (i)
1.25% DMSO (medium a) (32) or (ii) 25 mM HEPES, pH 7.4 (medium b) (43).
We checked that both media allowed for an efficient penetration of the nonper-
meant dye trypan blue in cells when added to the electroporation buffer (83.4 +
2.6 of cells stained versus 1.1 = 0.1 for controls [no electroporation] with medium
a;87.7 = 0.2 versus 3.4 * 1.32 with medium b). Cells returned to culture medium
and reincubated for 1 h after electroporation before being again exposed to
trypan blue excluded the dye for >80%, indicating a satisfactory cell membrane
resealing and maintenance of viability.

Western blotting. For analysis of P-gp expression, cells (~107) were washed
three times with ice-cold phosphate-buffered saline (pH 7.4) and suspended in
500 wl of lysis buffer (64). The samples were then subjected to three successive
cycles of freezing-thawing (—80°C for 5 min and 37°C for 5 min), sonicated (for
three cycles of 5 s with 30-s intervals at 4°C), and finally centrifuged for 10 min
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at 14,000 rpm and at 4°C in an Eppendorf 5415C microcentrifuge (Eppendorf
AG, Hamburg, Germany) equipped with the standard rotor F-45-24-11. Protein
concentration of the supernatant was determined by a modified Bradford’s
procedure (39) using the Quick Start Bradford protein assay kit 3 from Bio-Rad
Laboratories (Hercules, CA). Western blotting was performed following the
procedure described previously (34) with a mouse monoclonal anti-P-gp (MDR)
antibody (1/500) as primary antibody (Sigma-Aldrich catalog no. P7965; accord-
ing to its supplier, this antibody detects specifically human MDR1 P-gp but not
MDR3) and polyclonal horseradish peroxidase-labeled anti-mouse (1/1,000) as
secondary antibody (equiloading of the gels was controlled with monoclonal
mouse anti-B-actin antibody [Sigma-Aldrich catalog no. A2228; 1/2,000]). Bands
were revealed with the SuperSignal West Pico chemiluminescence substrate
(Pierce, Rockford, IL). Films were scanned and subjected to a densitometric
analysis using Image J software (version 1.3.1; available from the Research
Service branch of the National Institute of Mental Health at http://rsb.info.nih
.gov/ij).

Confocal microscopy. P-gp was detected on formalin-fixed and saponin-per-
meabilized cells using the same mouse monoclonal anti-P-gp as for Western
blotting and fluorescein isothiocyanate-labeled goat anti-mouse antibodies
(Santa Cruz Biotechnology), with counterstaining for actin with 5 units of
rhodamine-labeled phalloidin (Invitrogen, Carlsbad, CA), following the general
techniques previously described for J774 macrophages (48, 58) with minor ad-
aptations. Observations were made with MRC1024 confocal scanning equipment
(Bio-Rad, Richmond, CA) mounted on an Axiovert confocal microscope (Carl
Zeiss, Oberkochen, Germany).

Statistical analyses. Curve-fitting analyses were made using GraphPad Prism
version 4.02 for Windows (GraphPad Prism Software, San Diego, CA). Analysis
of variance was made with GraphPad Instat version 3.06 (GraphPad Prism
Software), and analysis of covariance with XLStat version 7.5.2 (Addinsoft
SARL, Paris, France).

RESULTS

Intracellular activity of daptomycin in THP-1 macrophages
and modulation by efflux transporter inhibitors. In the ab-
sence of published detailed analysis of the intracellular activity
of daptomycin in macrophages, we first conducted 24-h dose-
response studies using a wide range of extracellular concentra-
tions to obtain information on key pharmacological descriptors
(50% effective concentration [ECsg]; static concentration
[Cyatic]; maximal efficacy [E,,,.]). We also used our previous
studies (4, 26), which were necessary for the correct interpre-
tation of the present data. Results are shown in Fig. 1A, with
the pertinent regression parameters presented in Table 1. Dap-
tomycin displayed clear-cut concentration-dependent activity,
with ECs, and Cg,,;. values close to each other at about 9 to 10
times the MIC and an E,,, value at about —1.6 log CFU. We
then selected a daptomycin extracellular concentration of 1
mg/liter (i.e., close to the ECs, and Cg,;. values) to test for the
influence on daptomycin activity of two well-known P-gp in-
hibitors, namely, the Ca®* channel antagonist verapamil,
which is largely nonspecific, and elacridar, a much more spe-
cific inhibitor (16). Results of experiments conducted at fixed
concentrations (verapamil, 100 pM; elacridar, 0.5 pM) over 5
and 24 h are shown in Fig. 1B. Both inhibitors markedly en-
hanced the intraphagocytic activity of daptomycin, with an
effect already detectable at 5 h only. This was not due to a
direct action of verapamil or elacridar on bacteria, since the
presence of these inhibitors alone did not markedly affect
the intraphagocytic growth of S. aureus (they did not affect the
MIC of daptomycin, either [data not shown]). The influence of
verapamil and elacridar on the activity of daptomycin was then
studied in more detail by running complete dose-response
studies over a 24-h period. In the first series of experiments,
verapamil or elacridar was added at a fixed concentration (100
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FIG. 1. Intracellular activity of daptomycin towards S. aureus ATCC 25923 in THP-1 macrophages. (A) Dose-response curves over a wide range
of extracellular concentrations. The ordinate shows the change in the number of CFU (A log CFU) per milligram of cell protein at 24 h compared
to the postphagocytosis inoculum. A sigmoidal (slope factor, 1) function was used for regression (see Table 1 for goodness-of-fit and regression
parameters). The dotted horizontal line indicates a static effect, which was reached for the extracellular concentration shown by the vertical dotted
line. For reference, the open triangle on the abscissa indicates the serum C,,,, (total drug) observed in volunteers receiving the clinically
recommended dose of 4 mg/kg of body weight daptomycin (77 mg/liter) (67). (B) Influence of time and of the presence of efflux transporter
inhibitors on the rate and the extent of the activity of daptomycin at a fixed extracellular concentration. The ordinate is as in panel A. Control,
no treatment; DAP, daptomycin (1 mg/liter); verapamil (100 uM); elacridar (GF 120918; 0.5 uM). (C) Influence of the concentration of verapamil
or elacridar on the activity of daptomycin (1 mg/liter) measured at 24 h. The ordinate shows the increase in activity defined as the difference
between the change in CFU observed in the presence of the inhibitors minus what is observed with daptomycin alone (the graph shows the negative
value of this difference to avoid describing increases in activity by decrements in the ordinate). All values are means *+ standard deviations (n =
3; when not visible, the standard deviation bars are smaller than the symbols).

or 0.5 uM, respectively) to media containing increasing con- intracellular activity of daptomycin (present in the extracellu-
centrations of daptomycin (over the same range as that used to lar medium at a concentration of 1 mg/liter only) to the value
generate the data of Fig. 1A). Results, shown in a synoptic observed for a daptomycin concentration of 100 mg/liter in

fashion in Table 1, demonstrate that both inhibitors signifi- cells incubated in the absence of inhibitors (and corresponding
cantly increased the relative potency of daptomycin (thus caus- to its E_ ., [Table 1]). To check for the specificity of the
ing a reduction of the ECs,) without affecting its E, ., (no changes in daptomycin activity observed with verapamil and
significant change in E,,,, value). In the second series of ex- elacridar with respect to P-gp, all experiments were repeated

periments, daptomycin was used at a fixed concentration of 1 with gemfibrozil, an inhibitor of MRPs, the second major fam-
mg/liter (shown to cause an almost static effect), and verapamil ily of ABC transporters capable of transporting antibiotics in
or elacridar was added at increasing concentrations (from 2 macrophages (34), but no significant effect was observed.

nM to 10 uM [elacridar] and 500 uM [verapamil]). Results Intracellular activity of daptomycin in wild-type MDCK
presented in Fig. 1C show that both inhibitors acted in a cells versus MDCK cells overexpressing P-gp (MDCK-MDR1)
concentration-dependent fashion and were able to bring the and modulation by efflux transporter inhibitors. In the first

TABLE 1. Pertinent regression parameters and statistical analysis of the dose-response curves of daptomycin alone (see Fig. 1A) or
daptomycin plus transporter inhibitors (actual data not shown) towards S. aureus ATCC 25923 phagocytized by
THP-1 macrophages or MDCK cells®

Condition ECs, * SD (mg/liter)>< Cotatic (mg/liter)? Epnax = SD (log, U)P< R?

THP-1 cells

Daptomycin alone 1.14 £ 0.14 A 1.3 —1.60 = 0.16 A 0.977

Daptomycin + verapamil (100 pM) 031 *0.13B 0.4 —-1.82x0.16 A 0.978

Daptomycin + elacridar (0.5 uM) 027+ 0.17B 0.4 —-1.67 =023 A 0.964
MDCK cells

Wild type, daptomycin alone 0.62 = 0.09 C 0.6 —-1.70 = 0.07 A 0.993

Wild type, daptomycin + verapamil (100 wM) 0.18 = 0.06 B 0.2 —2.01 = 0.06 B 0.996

MDCK-MDRI1, daptomycin alone 2.67 £0.07D 2.1 —1.77 £ 0.06 A 0.999

MDCK-MDRI1, daptomycin + verapamil (100 pM) 0.70 = 0.15E 0.6 —-1.78 £ 0.02 A 0.989

“ Regression parameters obtained by nonlinear regression using the Hill equation with a slope factor of 1.

® For statistical analysis (per column; one-way analysis of variance by the Tukey’s test for multiple comparisons between each parameter for all conditions), values
with different letters are significantly different from each other (P < 0.05).

¢ Concentrations causing a reduction of the inoculum halfway between the extrapolated initial (E,) and maximal (E,,,,) values.

4 Concentration resulting in no apparent bacterial growth (no change in CFU compared to the postphagocytosis inoculum; determined by graphical intrapolation).

¢ CFU decrease at 24 h from the corresponding postphagocytosis inoculum, as extrapolated for a daptomycin concentration at infinity; all CFU counts were much
above the minimal detection level.
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FIG. 2. Activity of daptomycin at a fixed extracellular concentra-
tion (1 mg/liter) towards S. aureus ATCC 25923 in MDCK (wild-type)
and MDCK-MDR1 (overexpressing P-gp) cells in 24 h. The ordinate
shows the change in the number of CFU (A log CFU) per mg of cell
protein. DAP, daptomycin alone; DAP + VER, daptomycin plus ve-
rapamil (100 uM); DAP + GEM, daptomycin plus gemfibrozil (250
wM). All values are means = standard deviations (n = 3). Statistical
analysis: values of bars with different letters are significantly different
from each other (analysis of variance; P < 0.05).

series of experiments, the activity of daptomycin in MDCK and
MDCK-MDRI cells infected with S. aureus was examined us-
ing a fixed extracellular concentration of 1 mg/liter in the
absence and in the presence of verapamil (100 uM) or gemfi-
brozil (250 wM). Results are shown in Fig. 2. Concentrating
first on wild-type cells, we see that daptomycin, which at the
concentration used was almost bacteriostatic against intracel-
lular S. aureus, had its activity markedly enhanced by ve-
rapamil, as in THP-1 macrophages. Moving now to MDCK-
MDRI cells, we see that daptomycin, at the same concentration
as that used for wild-type cells, was unable to control the
intracellular bacterial growth. Yet, the addition of verapamil
allowed for the appearance of significant activity. Interestingly
enough, the increase in activity obtained with verapamil was
similar in MDCK and MDCK-MDR1 cells (about a 1.3-log
decrease in CFU), although the basal levels were different.
Finally, gemfibrozil was without significant effect on dapto-
mycin activity with either cell line. In the second series of
experiments, we ran full daptomycin dose-response curves in
infected wild-type MDCK and MDCK-MDR1 cells in the pres-
ence and in the absence of verapamil (100 nM). Results shown
in a synoptic fashion in Table 1 demonstrate that verapamil
increased the relative potency of daptomycin about 3.5-fold (in
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both cell lines), as in THP-1 macrophages. There was also a
small increase in E,,, in wild-type MDCK cells.

Modulation of the cellular accumulation of daptomycin and
DiOC,. Based on the results presented so far, we hypothesized
that verapamil increased the intracellular antibacterial effect of
daptomycin in THP-1 macrophages and MDCK cells by en-
hancing its cellular accumulation (through impairment of a
P-gp-mediated efflux mechanism). The cellular accumulation
of daptomycin was therefore examined under conditions
known to either impair (addition of verapamil or ATP deple-
tion) or to enhance (addition of ouabain) (7) the activity of
P-gp. These experiments had to use a large extracellular con-
centration of daptomycin (250 mg/liter) because of the low
sensitivity of our assay method (and the unavailability of ra-
diolabeled compound). Results shown in Table 2 demonstrate
that (i) MDCK-MDR1 cells accumulated significantly less dap-
tomycin than wild-type MDCK cells, and (ii) verapamil and
ATP depletion (tested for THP-1 macrophages only) enhanced
the accumulation of daptomycin (and, interestingly enough, to
the same extent [about 3.6-fold in all conditions]), whereas
ouabain markedly decreased it. As in all other experiments,
gemfibrozil had no effect.

Since the large concentrations of daptomycin used could
have caused saturation of the putative P-gp efflux transporter,
we also examined the influence of verapamil, ouabain, and
gemfibrozil on the accumulation of a known and specific sub-
strate of P-gp, namely, DiOC, (24, 35), which could be used at
a much lower concentration (1 mg/liter). In pilot experiments,
we observed that the effect of verapamil on DiOC, accumula-
tion was not immediate but increased over time. We therefore
measured in parallel the accumulation of DiOC, (at the extra-
cellular concentration of 1 mg/liter) and that of daptomycin (at
the extracellular concentration of 250 mg/liter) over a period
of 1 and 5 h in control cells versus cells coincubated with
verapamil, ouabain, or gemfibrozil. Results presented in Fig. 3
show that verapamil caused an increase, and ouabain a
decrease, of the accumulation of DiOC,, which was highly
correlated with that of daptomycin. In contrast, the effect of
gemfibrozil was minimal.

Influence of verapamil concentration on restoration of dap-
tomycin activity and accumulation in MDCK-MDRI cells. The
data of Tables 1 and 2 show that the addition of 100 pM
verapamil to MDCK-MDRU1 cells did not bring the daptomycin
ECs, value and accumulation level to the same values as for

TABLE 2. Modulation of the cellular accumulation of daptomycin in THP-1 macrophages and MDCK cells”

Apparent cellular-to-extracellular concn ratio = SD (mg/liter)?

Condition MDCK cells®
THP-1 cells
Wild type MDCK-MDR1

Daptomycin alone 021 £0.05 A 0.23 £ 0.13 Aja 0.08 = 0.11 Aja
Daptomycin + verapamil (100 M) 0.75 £0.05B 0.83 £ 0.20 B;a 0.30 = 0.05 B;b
ATP depletion” 0.82 +0.07B
Daptomycin + ouabain (1 wM) 0.12 £0.04 C 0.04 = 0.01 C;a 0.03 = 0.01 C;a
Daptomycin + gemfibrozil (250 wM) 0.18 £ 0.06 A;C 0.18 = 0.06 Aja 0.07 = 0.06 Aja

“ Cells incubated for 24 h with 250 mg/liter daptomycin.

b Cells incubated for 1 h with 5 mM NaNj and 60 mM 2-deoxyglucose before being exposed to daptomycin in the presence of the same inhibitors.

¢ Empty cells, exposure of MDCK and MDCK-MDRI cells to the inhibitors used for ATP depletion in THP-1 cells caused massive cell detachment.

“ For statistical analysis, one-way analysis of variance by the Tukey’s test for multiple comparisons between conditions (analysis per column; capital letters) or between
cells (analysis per row for MDCK cells; small letters) was conducted; values with different letters are significantly different from each other (P < 0.05).
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FIG. 3. Comparative modulation of the accumulation of daptomy-
cin and DiOC, in THP-1 macrophages by verapamil (100 M), gem-
fibrozil (250 wM), or ouabain (1 pM). Cells were incubated with
daptomycin (250 mg/liter) or DiOC, (1 mg/liter) alone or in the pres-
ence of the modulators for 1 or 5 h. The graph shows the changes in
accumulation of daptomycin (ordinate) and of DiOC, (abscissa) ex-
pressed as the fraction of the respective values observed in the absence
of the modulator. All values are means * standard deviations (n = 3;
when not visible, the standard deviation bars are smaller than the
symbols). The dotted line shows the regression curve obtained by using
an exponential growth function.

wild-type MDCK cells. This could indicate either an incom-
plete P-gp inhibition at this verapamil concentration or the
presence of another efflux mechanism in MDCK-MDRI1 cells.
S. aureus-infected MDCK-MDRI1 cells were, therefore, incu-
bated with 1 mg/liter daptomycin in the presence of increasing
concentrations of verapamil (0 to 500 uM). While a verapamil

THP-1

P-gp
MDCK
wild

MDCK
MDR1
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concentration of 100 wM yielded only a modest effect, increas-
ing its concentration to 500 wM yielded a ~1.5-log CFU de-
crease (similar to what was seen with 100 wM verapamil with
control MDCK cells).

Immunohistodetection of P-gp in THP-1 macrophages and
MDCK cells. The previous experiments strongly suggested the
presence of an efflux transporter for daptomycin in THP-1 cells
that could be potentially identified as P-gp. With only limited
data being available as to the presence of this protein in THP-1
macrophages (17), we undertook documenting its presence
and localization in our strain of THP-1 macrophages in com-
parison with MDCK and MDCK-MDRU1 cells using immuno-
logical techniques. As shown in Fig. 4, the bulk of immunode-
tected P-gp was in both cases located at the periphery of the
cells in close vicinity to actin (used to visualize the cytoskele-
ton, located as a submembraneous network in association with
integrins and other membrane proteins, and determining the
cell shape) (41, 44).

Influence of the impairment of P-gp expression through
siRNA (gene silencing) on daptomycin accumulation in
THP-1 macrophages. Having demonstrated the presence of
immunoreactive P-gp in THP-1 (with a localization that
could account for an efflux of daptomycin), we examined
whether the silencing of its gene (and the corresponding
decrease in its cell content) would modulate the accumula-
tion of daptomycin. For this purpose, cells were electropo-
rated with duplex human mdrI siRNAs and examined there-
after for the presence of P-gp (by Western blot analysis;
performed on lysates from cells incubated for 30 h in control
medium after electroporation) and for daptomycin accumu-
lation (measured in cells incubated for 30 h in control me-
dium after electroporation and further incubated for 24 h

Actin

merged

FIG. 4. Immunohistodetection and localization of P-gp in THP-1 macrophages and in MDCK cells (wild type and MDCK-MDR1) by confocal
microscopy. Formalin-fixed and saponin-permeabilized cells were exposed to mouse monoclonal anti-P-gp antibodies. Green channel, detection
of mouse antibodies with goat fluorescein isothiocyanate-labeled anti-mouse antibodies; red channel, detection of actin with rhodamine-labeled
phalloidin; merged images, the two labels are largely but not entirely colocalized.
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FIG. 5. Modulation of the cell content in P-gp and of daptomycin accumulation in THP-1 macrophages subjected to electroporation without
(mock) or with duplex human mdr! siRNAs in two different media (RPMI + DMSO, RPMI 1640 medium supplemented with 2.5% DMSO; RPMI +
HEPES, RPMI medium supplemented with 25 mM HEPES). (A) Western blot analysis of lysates of cells collected 30 h after electroporation. The
picture shows the bands corresponding to the protein as detected by mouse monoclonal anti-P-gp and polyclonal horseradish peroxidase-labeled
anti-mouse antibody. The ordinate shows the absorbance ratio of the corresponding band in each condition to that of actin (not shown). OD,
optical density. (B) Measurement of the apparent ratio of cellular to extracellular daptomycin concentration in cells incubated in drug-free medium
for 30 h after electroporation and thereafter incubated for 24 h with 250 mg/liter daptomycin.

with 250 mg/liter daptomycin). Results are shown in Fig. 5.
Electroporation with the duplex human mdr! siRNAs (in
either of the two media used) markedly reduced the cell
content in immunoreactive P-gp, and, in parallel, allowed
for a marked increase in daptomycin accumulation.

Correlations between P-gp expression, daptomycin po-
tency, and daptomycin accumulation. Figure 6 shows the
correlations established between the amounts of immuno-
reactive P-gp detected in control THP-1 macrophages,
MDCK, and MDCK-MDRI1 cells, and THP-1 macrophages
subjected to mdrl silencing (as determined by Western blot
analysis) versus (i) the daptomycin relative potencies (ECs)
towards phagocytized S. aureus (data of Table 1) and (ii)
daptomycin accumulation (data of Table 2 and of Fig. 5) in
these cells. In both cases, the correlation was highly signif-
icant in spite of the small number of data points. This figure
also suggests that the high levels of cellular accumulation of
daptomycin noted for THP-1 cells subjected to mdrl silenc-
ing (see Fig. 5) could only be observed because the P-gp cell
content in these cells was much lower than in untreated
THP-1 or in wild-type MDCK cells.

Influence of verapamil on cell Ca>* content. Because the
antibacterial activity of daptomycin is critically dependent
upon a sufficient Ca®* concentration (2, 11), we examined
whether the enhancing effect of verapamil on the intracellular
activity of daptomycin could not be due to an increase in its
intracellular cell Ca** content. For this purpose, the concen-
tration of free intracellular Ca®" was monitored by means of
the calcium sensor Fluo-3 dye in cells exposed to verapamil
(100 wM) or gemfibrozil (250 wM). Compared to control cells,
verapamil caused a ~25% reduction of the free Ca** cellular
concentration over 60 min, whereas gemfibrozil was without
influence. Ionomycin, an antibiotic also known as a calcium
ionophore (6) and used as positive control, caused a 75%
increase in apparent free intracellular Ca>* under the same
conditions.
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R?=0.998 THTﬂ
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FIG. 6. Correlations between the expression of P-gp (as deter-
mined by Western blot analysis and expression as the P-gp/actin optical
density [OD] ratio as in Fig. 5) and (i) daptomycin intracellular relative
potency and (ii) daptomycin cellular accumulation. (Top) Wild-type
MDCK, THP-1, and MDCK-MDR1 cells; ECs, values (ordinate) are
those listed in Table 1. (Bottom) Comparison between wild-type
MDCK, MDCK-MDR1, and THP-1 cells and THP-1 cells subjected to
mdrl silencing (THP-1-siRNA); accumulation values (ordinate) are
those listed in Table 2 and shown in Fig. 5; P-gp expression values
(abscissa) are those of the top panel of this figure for MDCK, MDCK-
MDRI1, and THP-1 cells, and those of Fig. 5 for THP-1-siRNA cells.
All values are means * standard deviations (n = 3; when not visible,
the standard deviation bars are smaller than the symbols). The dotted
lines show the regression curve obtained by using exponential growth
(top) or decay (bottom) functions.
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DISCUSSION

The present data extend our previous observations under-
lining the role of the ATP-energized efflux transporters for
modulation of the accumulation and activity of antibiotics in
macrophages (33, 34, 46, 47). Specifically, we show here that
the activity of P-gp in THP-1 human macrophages decreases
the relative potency of daptomycin towards phagocytized S.
aureus by reducing its cellular concentration. This conclusion,
and its specificity with respect to P-gp versus other eukaryotic
efflux transporters, stems from five converging pieces of evi-
dence gained from independent approaches, namely (i) the use
of two well-known inhibitors of P-gp activity, verapamil (42)
and elacridar (GF 120918) (17), in comparison with gemfibro-
zil, a preferential inhibitor of MRP efflux transporters, which
are also present in macrophages (34); (ii) the comparison of
the behavior of THP-1 macrophages with that of MDCK (wild-
type) and of MDCK-MDRI1 (overexpressing P-gp) cell lines;
(iii) the direct measurement of the cell content in daptomycin
and in DiOC,, a well-known substrate of P-gp (55), in the
presence of molecules known to impair or to increase P-gp
activity (viz. the inhibitors mentioned above and ouabain, an
inducer of mdrl expression) (7); and (iv) the silencing of mdr!
(the gene encoding P-gp in humans) expression by specific
siRNA. It is intriguing, at first glance, that mdrl silencing
causes a much larger accumulation of daptomycin than P-gp
inhibitors. This may actually indicate that neither verapamil
nor elacridar is capable of fully blocking daptomycin efflux.
This conclusion is in accordance with the growing evidence for
the presence of multiple binding sites in P-gp (9) and with the
observation that substrates and inhibitors of the related half-
transporter ABCG2 are effluxed by multiple pathways so that
inhibitors remain intrinsically poorly effective at pharmacolog-
ically achievable concentrations (1).

Originally described in tumor cells in relation to pleiotropic
cross-resistance to a wide range of amphiphilic drugs (18), P-gp
is also expressed in the apical surface of a variety of epithelia,
where it exerts a function of protection against the toxicity of
xenobiotics (by excreting them, for instance, in the intestinal
lumen or the urine). P-gp has been described in THP-1 mac-
rophages (17), and our observation that the bulk of the protein
is located at the cell surface is consistent with a detoxification
function. We, however, are facing two difficulties in the context
of our study, namely, (i) how daptomycin could be effluxed by
P-gp, based on what we know about preferences of this trans-
porter for truly amphiphilic compounds, and (ii) how this efflux
could modulate its intracellular activity towards bacteria that
sojourn and thrive not in the cytosol but within phagolyso-
somes.

Association of drugs to P-gp appears to be mediated mainly
by lateral diffusion within the inner monolayer of the plasma,
thereby maximizing efflux to a wide range of xenobiotics (56).
Even though specific structural determinants appear critical
for optimal recognition of drugs by P-gp (40, 65), binding
constants remain usually weak, since it is the high partition
coefficients of the drugs into lipid bilayers that allow them to
reach sufficient values in the vicinity of the protein. These
considerations should actually make daptomycin a very un-
likely substrate for P-gp, since (i) its overall structure is very
remote from that of typical P-gp substrates or inhibitors such
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as doxorubicin and DiCO, or verapamil and elacridar, and (ii)
the calculated daptomycin octanol/water partition coefficient
(log P) and distribution coefficient (log D, a more correct
descriptor for predicting lipid solubility of ionizable com-
pounds) are very negative (—4.073 * 0.25 and —9.56 at pH 7)
(Advanced Chemistry Development [ACD/Labs] software,
version V8.19 for Solaris, Advanced Chemistry Development,
Inc., Toronto, Ontario, Canada, 2007), in sharp contrast to the
positive values calculated for most substrates or inhibitors of
P-gp (28). The name “peptolide,” originally coined to desig-
nate daptomycin (11) but used later on also for cyclosporine
and related drugs (22), may erroneously suggest a high lipophi-
licity, which is not true for daptomycin. Actually, the cyclic
peptide moiety of daptomycin contains several anionic amino
acids that confer a high polarity to this part of the molecule,
which is in contrast to the highly hydrophobic amino acids
constitutive of the cyclic peptide moiety of cyclosporine. The
confusion is further compounded by the fact that cyclosporine
and related peptolides are well-known inhibitors of P-gp (21).
Whereas daptomycin in solution spontaneously adopts a con-
formation that does not confer amphiphilic properties, it oli-
gomerizes in the presence of physiological concentrations of
calcium to form micelles, which tend to dissociate when inter-
acting with membranes (53). In bacteria, the high content in
the negatively charged phospholipid phosphatidylglycerol al-
lows for a deep, Ca®"-facilitated insertion of daptomycin, lead-
ing to membrane leakage and cell death. While a similar, toxic
process does not occur in eukaryotic cells (as evidenced by the
lack of membrane-permeabilizing properties of daptomycin
towards the cells used in our study), interaction of Ca*"-dap-
tomycin micelles with other phospholipids is possible and
could lead to its recognition as a phospholipid-drug complex by
P-gp. Phospholipids, indeed, are among the physiological sub-
strates of P-gp, the transporter acting then as a flippase (70). A
similar model of drug-phospholipid complexation for transport
of nonlipophilic drugs by efflux proteins has been presented
recently to explain the recognition of aminoglycosides (which
have calculated log P and log D [pH 7] values similar to those
of daptomycin) (ACD/Labs software, version V8.19) by the
AcrB multidrug efflux pump of Escherichia coli (69). Interest-
ingly enough, MDR3, another member of the MDR family, is
also known to promote phosphatidylcholine translocation
through the plasma membrane of fibroblasts (52).

Efflux of daptomycin at the level of the plasma membrane
does not directly explain, however, the reduction of its po-
tency against intracellular S. aureus, since the bacterium is
not located in the cytosol but in the phagolysosomes (26). It
could be argued that P-gp localized in the plasma membrane
diverts part of the daptomycin from entering cells by diffu-
sion and reduces, therefore, the amount of drug that can
thereafter reach the phagolysosomes, as proposed to explain
the defeating effect of P-gp towards azithromycin in J774
macrophages (46). But the biophysical properties of dapto-
mycin discussed above are not compatible with the mecha-
nism of diffusion/segregation observed for azithromycin (8),
which is an amphiphilic, basic drug. The difficulty is actually
compounded by our ignorance, at this stage, of the pathway
and mechanism allowing daptomycin to enter cells and
reach the phagolysosomes. Further studies will need to ex-
amine these aspects of the cellular pharmacokinetics of dap-
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tomycin, but their performance is dependent upon the avail-
ability of more sensitive bioanalytical tools than are
available to us so far. Yet, since the intracellular activity of
daptomycin is concentration dependent, the most likely ex-
planation for the effects observed here is that impairing or
increasing the activity of P-gp effectively modulates its con-
centration at the site of infection. We know that daptomycin
activity is enhanced by increasing the calcium concentration
(10, 11). But such a calcium effect is unlikely to take place
here, since verapamil decreased the cell free Ca®* concen-
tration, as anticipated from its known action on calcium
channels in macrophages (68).

Moving now to the chemotherapeutic significance of our
observations, we first see that daptomycin is active against
intracellular S. aureus, in spite of its limited cellular accu-
mulation (with apparent cellular-to-extracellular concentra-
tion ratios remaining lower than 1). This conclusion, already
reached from early studies of daptomycin with S. aureus-
infected polymorphonuclear neutrophils (63), reinforces
our previous conclusions that cellular accumulation per se is
not a sufficiently predictive factor of antibiotic intracellular
activity (60). The explanation could be that cell-associated
daptomycin is accumulated in the same subcellular compart-
ment that phagocytized S. aureus. The localization of dap-
tomycin in macrophages has not yet been established, but in
vivo studies suggest that daptomycin taken up by proximal
tubular cells is partially localized in lysosomes by the endo-
cytosis route (5). Second, we also see that daptomycin is a
concentration-dependent antibiotic towards intracellular S.
aureus as described for extracellular bacteria using appro-
priate pharmacodynamic models (62). Yet, in spite of this,
and in sharp contrast to what is observed with extracellular
bacteria, daptomycin never yields a truly intracellular bac-
tericidal effect, since its E ., remains lower than the 3 log,,
CFU decrease considered the minimum for a drug to be
called bactericidal by CLSI criteria. This loss of £, against
intracellular S. aureus has been a common observation for
all antibiotics tested in macrophage models so far disregard-
ing their subcellular localization (see reference 60 for a
review) and still needs to receive a satisfactory explanation.
Third, our data clearly show that P-gp reduces the potency
of daptomycin against intracellular bacteria in relation with
its level of expression. Extrapolation to the in vivo situation
cannot be ascertained at this stage, since our experiments
were conducted under conditions designed to maximize the
effects described and used an immortalized cell line, the
behavior of which may differ from that of normal macro-
phages. Yet, this may now help to develop appropriate mod-
els to test for such an impact of P-gp expression in vivo. It
could also be suggested that concomitant administration of
P-gp inhibitors should favorably modulate the activity of
daptomycin in difficult-to-treat staphylococcal infections
where intracellular survival may play an important role in
the maintenance of the infection. This approach, however,
seems very unpractical today, in view of the present lack of
availability of very safe P-gp inhibitors. Yet, the observation
that some fluoroquinolones may act as potent inhibitors of
P-gp-mediated efflux in MDCK-MDRI cells (50) may open
new perspectives in this context. A possible caveat, however,
is that daptomycin myopathy (one of the drug’s most serious
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side effects) (38) is driven by drug concentrations remaining
above some threshold level for an extended period of time
(hence directing its clinical use on a once-daily schedule)
(37). We cannot exclude that a P-gp inhibitor could amplify
this adverse effect. The design and/or selection of new de-
rivatives within the class of acidic lipopeptide antibiotics
with a lack of or weak recognition by P-gp could, therefore,
also appear as a more useful and a safer approach.
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