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Enterococci are the third most frequent cause of infective endocarditis. A high-inoculum stationary-phase in vitro pharmacodynamic
model with simulated endocardial vegetations was used to simulate the human pharmacokinetics of daptomycin at 6 or 10 mg/kg of
body weight/day or linezolid at 600 mg every 12 h (q12h), alone or in combination with gentamicin at 1.3 mg/kg q12h or rifampin at
300 mg q8h or 900 mg q24h. Biofilm-forming, vancomycin-susceptible Enterococcus faecalis and vancomycin-resistant Enterococ-
cus faecium (vancomycin-resistant enterococcus [VRE]) strains were tested. At 24, 48, and 72 h, all daptomycin-containing regi-
mens demonstrated significantly more activity (decline in CFU/g) than any linezolid-containing regimen against biofilm-form-
ing E. faecalis. The addition of gentamicin to daptomycin (at 6 or 10 mg/kg) in the first 24 h significantly improved bactericidal
activity. In contrast, the addition of rifampin delayed the bactericidal activity of daptomycin against E. faecalis, and the addition
of rifampin antagonized the activities of all regimens against VRE at 24 h. Also, against VRE, the addition of gentamicin to lin-
ezolid at 72 h improved activity and was bactericidal. Rifampin significantly antagonized the activity of linezolid against VRE at
72 h. In in vivo Galleria mellonella survival assays, linezolid and daptomycin improved survival. Daptomycin at 10 mg/kg im-
proved survival significantly over that with linezolid against E. faecalis. The addition of gentamicin improved the efficacy of dap-
tomycin against E. faecalis and those of linezolid and daptomycin against VRE. We conclude that in enterococcal infection mod-
els, daptomycin has more activity than linezolid alone. Against biofilm-forming E. faecalis, the addition of gentamicin in the
first 24 h causes the most rapid decline in CFU/g. Of interest, the addition of rifampin decreased the activity of daptomycin
against both E. faecalis and VRE.

Despite major advances in medicine and surgery, infective en-
docarditis (IE) remains a concerning disease associated with

considerable morbidity and mortality (1). Bacterial causes of IE and
bacteremia have changed over the past few decades, and now strep-
tococci, staphylococci, and enterococci have emerged as the major
pathogens (2). Among these, Enterococcus spp. have become the
most challenging to treat. Barriers in treating these infections include
the need for multiple agents to demonstrate bactericidal activity and
microbiological cure (1), biofilm production by these bacteria (3, 4),
and resistance to the mainstays of therapy (i.e., ampicillin, penicillin,
and vancomycin) (5). Biofilm production is common in Enterococ-
cus faecalis, with worldwide rates between 26 and 100% reported,
and 93% reported in the United States (3). The 2005 recommen-
dations of the American Heart Association for drug-resistant en-
terococcal IE include linezolid and quinupristin-dalfopristin,
both of which are bacteriostatic against enterococci (1).

Daptomycin, at high doses, demonstrates bactericidal activity
against enterococci in other types of infections and against Staph-
ylococcus aureus in endocarditis (6, 7). This is due to the mecha-
nism of action of daptomycin: it disrupts the cell membrane po-
tential and is growth phase independent (8). There are promising
data demonstrating in vitro synergy for gentamicin-and-dapto-
mycin combination therapy against vancomycin-resistant entero-
cocci (VRE) (9–13), and case reports also support these findings
(11, 14, 15). Therefore, the addition of gentamicin, a ribosomal

active agent, may provide a synergistic approach to VRE IE infec-
tions. Additionally, since E. faecalis often produces biofilms (3), it
is of interest to evaluate the activity of daptomycin in combination
with rifampin (16–18). Finally, since daptomycin demonstrates
concentration-dependent killing, evaluation of approved doses (6
mg/kg of body weight) and higher doses (10 mg/kg) may show
increased activity and resistance prevention with the latter (19),
since efficacy has been established in other types of infection (20)
with appropriate safety data (21).

We therefore evaluated the in vitro activities of daptomycin
and linezolid alone and in combination with gentamicin or rifam-
pin against enterococci in an in vitro model with sequestered high-
inoculum stationary-phase infection using simulated endocardial
vegetations (SEVs) (20, 22, 23). We also tested these regimens in
an in vivo survival assay using Galleria mellonella larvae. We used
a vancomycin-susceptible, biofilm-producing E. faecalis strain
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and a vancomycin-resistant E. faecium strain. We also evaluated
biofilm production by these isolates.

MATERIALS AND METHODS
Bacterial strains. We evaluated a vancomycin-susceptible, ampicillin-
susceptible E. faecalis strain, ATCC 29212 (which is also susceptible to
gentamicin and rifampin), and a vancomycin-resistant Enterococcus fae-
cium clinical isolate (vancomycin-resistant enterococcus [VRE]; this iso-
late is also resistant to penicillin and rifampin and susceptible to gentami-
cin) from the Providence Veterans Affairs Medical Center. Both isolates
were susceptible to linezolid and daptomycin.

Antimicrobial agents. Linezolid (lots 11C03U04 and 10H10Z16;
Pfizer, Inc., NY) was obtained commercially, and daptomycin was ob-
tained from Cubist Pharmaceuticals, Inc. (Lexington, MA). Rifampin (lot
085K1929) and gentamicin (lots 050K03421 and 097K06887V) were pur-
chased from Sigma Chemical Company (St. Louis, MO). Stock solutions
of each antibiotic were freshly prepared at the beginning of each week and
were kept frozen at �4°C.

Medium. As described previously, Mueller-Hinton broth (Becton
Dickinson, Sparks, MD) supplemented with calcium and adjusted to
physiological conditions of 50 mg/liter calcium chloride (ionized Ca; 1.03
to 1.23 mmol/liter) and 12.5 mg/liter magnesium was used for all suscep-
tibility analyses and in vitro pharmacodynamic (PD) analyses (24). Bacto
tryptic soy broth (TSB; Becton, Dickinson) supplemented with 1% glu-
cose and 50 mg/liter calcium chloride was used to optimize biofilm pro-
duction in the biofilm assay (25, 26). Colony counts were determined
using tryptic soy agar (TSA; Difco, Becton Dickinson). For the in vivo
study, strains were grown overnight at 30°C in brain heart infusion (BHI)
with agitation. The inoculum was confirmed by plating serial dilutions on
BHI agar.

Susceptibility. MICs and minimum bactericidal concentrations
(MBCs) were determined in triplicate at both the standard inoculum
(�106 CFU/ml) and a high inoculum (�109 CFU/ml) by using broth
microdilution according to CLSI methods (27). All samples were incu-
bated at 35°C for 24 h prior to the interpretation of results.

Biofilm formation. Under growth conditions (see “Medium” above)
that optimize biofilm production in Enterococcus species, biofilm forma-
tion was quantified using the microtiter plate assay first described by
Christensen et al. (28) and modified as follows. Briefly, stationary-phase
cultures of the enterococcal strains grown overnight (1%, vol/vol) were
diluted into fresh cation- and glucose-supplemented TSB. The inoculated
medium was dispensed into wells of sterile flat-bottom 96-well polysty-
rene tissue culture plates (Costar; catalog no. 3596; Corning Inc., Corning,
NY, USA). We examined two sets of plates that had been incubated at
35°C for 24 h and 48 h, respectively, based on previous studies (29). The
attached bacteria were then fixed and were stained with crystal violet.
After drying, the optical densities (OD) of stained adherent bacterial films
were read using a �Quant Microplate Spectrophotometer microtiter plate
reader (BioTek Instruments, Inc. Winooski, VT, USA). The OD of bacte-
rial films were assigned to the following categories: no biofilm production
or weakly (�), moderately (��), or strongly (���) adherent biofilms
(30). The test was carried out in triplicate. The results were averaged.

Preparation of SEVs for in vitro pharmacodynamic infection
model. As described previously, organism stocks containing approxi-
mately 1010 CFU/ml were prepared by inoculating 5-ml test tubes of nor-
mal saline with colonies harvested from fresh overnight growth on TSA
(20, 22, 24, 31, 32). Simulated endocardial vegetations (SEVs) containing
109 CFU/g were prepared by combining 0.05 ml of the organism suspen-
sion with 0.4 ml of human cryoprecipitated antihemolytic factor (AHF)
from volunteer donors (Rhode Island Blood Bank, Providence, RI), 0.05
ml of an aprotinin suspension, and 0.025 ml of a platelet suspension
(platelets mixed with normal saline; 250,000 to 500,000 platelets per clot)
in 1.5-ml Eppendorf tubes. Bovine thrombin (5,000 U/ml; 50 �l) was
added to each tube after the insertion of a sterile monofilament line into
the mixture. The resultant SEVs were removed from the Eppendorf tubes

with a sterile 21-gauge needle and were introduced into the model. This
methodology results in SEVs containing approximately 3 to 3.5 g/dl of
albumin and 6.8 to 7.4 g/dl of total protein (22).

In vitro pharmacodynamic infection model. An in vitro infection
model consisting of a 250-ml one-compartment glass apparatus with
ports where the SEVs are suspended was utilized for all simulations. The
apparatus was prefilled with the medium, and antibiotics were adminis-
tered as boluses into the central compartment via an injection port over a
72-h period. The models were placed in a 35°C water bath throughout the
procedure with a magnetic stir bar for thorough mixing of the drug in
the model. Fresh medium was continuously supplied and removed from
the model via a peristaltic pump (Masterflex; Cole-Parmer Instrument
Company, Chicago, IL, USA) set to simulate the half-lives of the antibi-
otics. Two SEVs were removed from each model at 0, 4, 8, 24, 32, 48, 56,
and 72 h. Once removed, SEVs were immediately homogenized in trypsin,
plated onto TSA, and incubated at 35°C for 24 h before enumeration by
colony counts. This method results in a limit of detection of 2.0 log10

CFU/g (23). Antimicrobial carryover was minimized by serial dilution
(1:10 to 1:10,000) of plated samples in conjunction with vacuum filtra-
tion, when necessary, where samples were washed through a 0.22-�m
filter with sterile water. These filters were then plated onto TSA and were
incubated at 35°C for 24 h. Colonies were counted on filter paper; the limit
of detection is 1.0 log10 CFU/g.

Daptomycin was administered to simulate a 6-mg/kg dose (peak concen-
tration, 98.6 �g/ml) and a 10-mg/kg dose (peak concentration, 141 �g/ml)
every 24 h (q24h), with the pump rate set to achieve a half-life of 8 h (21, 33).
Linezolid was administered to simulate 600 mg q12h, with a half-life of 6 h
and a peak concentration of 21 �g/ml (27). Gentamicin was administered to
simulate 1.3 mg/kg q12h (approximate peak concentration, 6 �g/ml; approx-
imate trough concentration, 0.4 �g/ml), with a half-life of 2 h (24). Rifampin
was administered to simulate a dose of 300 mg q8h (approximate peak con-
centration,14.5 �g/ml) and a half-life of 4 h (24). Additionally, a regimen
simulating 900 mg rifampin once daily in combination with linezolid or with
6 mg/kg daptomycin was performed in duplicate to assess the effects of the
rifampin dosage schedule and concentration.

For combination regimen experiments, the elimination rate was set
for the drug with the shortest half-life; the drug with the longer half-life
was supplemented. Unless otherwise noted, all model experiments were
performed in triplicate so as to ensure reproducibility. In addition, simu-
lations in the absence of antibiotics were performed at the shortest half-
life so as to ensure adequate growth of the organisms in the model.

Pharmacodynamic analysis. Reductions in log10 CFU/g over 72 h
were determined by plotting time-kill curves and were compared between
regimens. Bactericidal activity (99.9% killing) was defined as a �3-log10

CFU/g reduction in the colony count from that in the initial inoculum.
Bacteriostatic activity was defined as a �3-log10 CFU/g reduction in the
colony count from that in the initial inoculum, while inactivity was de-
fined as no observed reductions from the initial inoculum. The time to
achieve 99.9% killing was determined either by nonlinear regression (us-
ing a minimum of 4 data points) if r2 was �0.95 or by visual inspection.
Enhancement of activity was defined as a �2-log10 CFU/g increase in
killing by use of a combination of antimicrobials over the level with the
most active single agent of the combination. Improvement was defined as
a 1- to 2-log10 CFU/g increase in killing over the level with the most active
single agent, while a �1-log10 increase in bacterial growth with a combi-
nation over the level with the most active single agent was considered to
represent antagonism. The terms “improvement” and “enhancement”
were used because our simulations involve therapeutically obtained con-
centrations in serum, which do not permit the mathematical modeling
necessary to consider the standard terms “additivity” and “synergy” (34).
Indifference was defined as a �1-log10 CFU/g change in activity.

Resistance. The development of resistance was evaluated for each
monotherapy and combination model at 24, 48, and 72 h. MIC testing
(using the Etest) of daptomycin, linezolid, gentamicin, and rifampin was
conducted with isolates obtained from the 24-, 48-, and 72-h time points
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to identify any MIC shifts. Plates were examined for growth after 24 h of
incubation at 35°C.

Pharmacokinetic analysis. Samples for pharmacokinetic (PK) analy-
ses were obtained through the injection port at 0.5, 1, 2, 4, 6, 8, and 24 h in
order to verify target antibiotic concentrations. All samples were stored
at �80°C until analysis. Daptomycin concentrations were determined by
a previously described and validated high-performance liquid chromatogra-
phy (HPLC) method (Center for Anti-Infective Research and Development,
Hartford, CT) (20). Gentamicin concentrations were determined by a homo-
geneous particle-enhanced turbidimetric immunoassay (PETIA) (Architect
system; Multigent assay; Abbott Diagnostics, Abbott Park, IL, USA) at the
Providence Veteran Affairs Medical Center. The gentamicin assay was known
to have a range of detection of 0.3 to 10.0 �g/ml, a between-day sample
precision of 1.35%, and a coefficient of variation, expressed as a percentage
(CV%), of �2.75%. The linezolid and rifampin concentrations were evalu-
ated using HPLC (University of Florida, Gainesville, FL) as described previ-
ously (23, 24). Only single drug concentrations were evaluated, all in dupli-
cate. The half-lives, maximum concentrations (Cmax), and minimum
concentrations (Cmin) of the antibiotics were determined by the trapezoidal
method utilizing PK Analyst software (version 1.10; MicroMath Scientific
Software, Salt Lake City, UT).

In vivo Galleria mellonella survival assay. The efficacy of daptomy-
cin or linezolid in enterococcal infection was tested using a Galleria mel-
lonella survival assay. Galleria mellonella caterpillars at the final-instar
stage of development were acquired from the vendor (Vanderhorst
Wholesale Inc., St. Marys, OH) and were used within 7 days of shipment.
All experiments were performed according to previously described pro-
tocols with minor modifications (35, 36). Sixteen larvae of appropriate
weight (0.25 to 0.35 g) were randomly selected to constitute each group.
Larvae were inoculated with either �4 � 106 CFU of E. faecalis or 7 � 106

to 9 � 106 CFU of E. faecium, followed by the test drug or by phosphate-
buffered saline (PBS) as a control �1 h after inoculation. These inocula
were chosen after an initial virulence pilot study of these strains, because
they were able to kill at least 90% of the larvae within 72 h. One group that
was injected twice with PBS and one untouched group were used as con-
trols in each experiment. All injections were performed with a volume of
10 �l by using a Hamilton syringe. After injection, G. mellonella larvae
were incubated at 37°C, and survival was measured daily. Each experi-
ment was repeated at least twice, and the results of representative experi-
ments are presented. The results of any experiment with more than two
dead larvae in any control group were discarded. The doses simulated free
peak concentrations seen in humans treated with 6 mg/kg daptomycin, 10
mg/kg daptomycin, or 600 mg linezolid (Table 1). Gentamicin (1.3 mg/
kg) and rifampin (300 mg) were also tested in combination with either
linezolid or 6 mg/kg daptomycin.

Statistical analysis. For the in vitro model, changes in CFU/g at 8, 24,
48, and 72 h and the time to 99.9% killing were compared by two-way
analysis of variance with Tukey’s post hoc test. Statistical analyses were
performed using SPSS statistical software (release 20; SPSS, Inc., Chicago,
IL). Survival in the G. mellonella model was plotted using Kaplan-Meier
curves, and groups were compared using the log rank test (GraphPad

Prism software, version 5). For all experiments, a P value of �0.05 was
considered significant.

RESULTS
Susceptibility testing. Daptomycin, linezolid, gentamicin, and ri-
fampin MICs for the two strains of enterococci are shown in Table
2. In the presence of high E. faecalis inocula, there were minimal
increases (1 and 2 dilutions, respectively) in the MICs of dapto-
mycin and linezolid. Against a high inoculum of VRE, the MICs
of daptomycin and linezolid increased by 3 dilutions and 2 dilu-
tions, respectively. There were minimal increases (0 to 2 dilutions)
in the gentamicin and rifampin MICs when the isolates were eval-
uated at high inocula. These findings are consistent with those of
published studies (10, 23).

In vitro pharmacokinetics and pharmacodynamics. The
pharmacokinetic parameters of the antimicrobial agents were
within the targeted ranges (Table 3). All Cmax values obtained were
within 5% of the targeted Cmax. The areas under the concentra-
tion-time curve (AUC) (averages � standard deviations) were
1,028 � 36 for 6 mg/kg daptomycin, 1,430 � 47 for 10 mg/kg
daptomycin, and 348 � 16 for linezolid.

Biofilm production. The E. faecalis isolate is a biofilm-positive
control and consistently produced biofilms (��) at 24 and 48 h.
The E. faecium isolate did not produce biofilms (0) at 24 h and was
weakly adherent (�) at 48 h.

In vitro pharmacodynamic infection model with simulated
endocardial vegetations (SEVs). The antimicrobial activities of
daptomycin and linezolid were evaluated alone and in combi-
nation with gentamicin or rifampin against enterococci at a
high inoculum (109 CFU/g) in a simulated IE vegetation model
(Fig. 1). Bactericidal activity (�3-log10 decrease in CFU/g) was
achieved by 6 or 10 mg/kg daptomycin against E. faecalis at 24 h
and by 10 mg/kg daptomycin against E. faecium at 8 h. Linezolid
monotherapy did not achieve bactericidal activity against either

TABLE 1 Targeted peak concentrations versus concentrations
administered in G. mellonella models

Antimicrobial
(human dose)

Targeted free
peak concn
(mg/liter)

Concn (mg/liter)
administered in G.
mellonella model

Daptomycin (6 mg/kg) 9.8 9.15
Daptomycin (10 mg/kg) 14.0 13.07
Linezolid (600 mg) 14.0 8.00a

Gentamicin (1.3 mg/kg) 6.0 5.60
Rifampin (300 mg) 2.6 2.50
a Linezolid concentrations were lower than targeted due to limits on the available
pharmaceutical concentrations.

TABLE 2 MICs of antimicrobial agents against enterococcal isolates at
standard and high inocula

Antimicrobial

MIC (mg/liter) for the standard (high) inoculuma

E. faecalis ATCC 29212 E. faecium L2001

Daptomycin 2 (4) 1 (8)
Linezolid 1 (4) 1 (4)
Gentamicin 16 (32) 16 (32)
Rifampin 0.5 (0.5) 4 (16)
Vancomycin 2 	256
a The standard inoculum was 5 � 105 CFU/ml, and the high inoculum was 5 � 109

CFU/ml.

TABLE 3 Valuesa for targeted and obtained pharmacokinetic
parameters in SEV infection models

Regimenb

Peak concn (mg/liter) Half-life (h)

Targeted Obtained Targeted Obtained

Daptomycin, 6 mg/kg q24h 98.6 102.5 � 1.96 8 7.92 � 0.18
Daptomycin, 10 mg/kg q24h 140.0 143.2 � 1.94 8 7.87 � 0.21
Linezolid, 600 mg q12h 21.0 21.9 � 0.86 6 6.52 � 0.87
Gentamicin, 1.3 mg/kg q12h 6.0 5.7 � 0.51 2 2.08 � 0.17
Rifampin, 300 mg q8h 10.5 11.0 � 1.23 4 3.60 � 0.50
a Means � standard deviations.
b Based on a 75-kg patient.
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isolate tested at any time point. The AUC/MIC ratios were 514 to
1,028 (MIC range, 1 to 2 �g/ml) for 6 mg/kg daptomycin, 715 to
1,430 (MIC range, 1 to 2 �g/ml) for 10 mg/kg daptomycin, and
348 (MIC, 1 �g/ml) for linezolid. The percentage of time that the
drug concentration exceeded the MIC (%TMIC) was 100% for the
daptomycin and linezolid regimens.

Against the biofilm-forming E. faecalis strain, daptomycin-
containing regimens demonstrated significantly more activity (as
measured by a decline in the mean CFU/g) than linezolid-contain-
ing regimens from 8 h through the end of the experiment (P,
�0.005) (Fig. 1a; Table 4). The addition of gentamicin signifi-
cantly increased activity for 10 mg/kg daptomycin at 24 h (95%
confidence interval [95% CI], 0.954 to 3.4029; P, 0.033). The
combination of 6 mg/kg daptomycin with gentamicin was sig-
nificantly more active than any other regimen tested at 8 h (P,
�0.001). At 24 h, there was a 3-log10 CFU/g difference in ac-
tivity between the combination of 6 mg/kg daptomycin with

gentamicin and the combination of 6 mg/kg daptomycin with
rifampin (P, 0.010), although the difference was no longer sig-
nificant at 48 h. There was no significant difference between
linezolid monotherapy and combinations of linezolid with ri-
fampin or gentamicin at any time point during the 72-h exper-
iment, although the addition of rifampin to linezolid met the
definition for improvement at 72 h. Changing the schedule of
rifampin dosing from 300 mg three times daily to 900 mg once
daily had no effect on either regimen.

Against the VRE isolate, daptomycin-containing regimens had
significantly (P, �0.005) more activity than any of the linezolid-con-
taining regimens at 24 and 48 h (Fig. 1b). The addition of gentamicin
improved linezolid activity, such that at 72 h, linezolid plus gentami-
cin was significantly different only from 6 mg/kg daptomycin (the
most active regimen) (95% CI, 0.0144 to 3.4556; P, 0.047) among the
daptomycin-containing regimens. Linezolid plus gentamicin was
not, however, significantly more active than linezolid monotherapy.

FIG 1 Activities (changes in log10 CFU/g) of daptomycin- or linezolid-containing regimens against Enterococcus faecalis (susceptible to vancomycin,
gentamicin, rifampin, daptomycin, and linezolid) (a) and Enterococcus faecium (resistant to vancomycin and rifampin; susceptible to gentamicin, daptomycin,
and linezolid) (b).

TABLE 4 Change in bacterial density from that of the starting inoculum in the SEV model at 8, 24, and 72 h

Antimicrobial regimen

Mean change in bacterial density (log10 CFU/g) from that of the starting inoculuma

E. faecalis E. faecium

8 h 24 h 72 h 8 h 24 h 72 h

Growth control �1.13 �1.06 �1.29 �1.82 �1.93 �1.86
Daptomycin, 6 mg/kg �2.07b �4.28b �5.07b �2.11b �4.56b �5.86b

Daptomycin, 6 mg/kg, � rifampin �1.88b �2.99b �5.13b �1.84b �3.33b �5.30b

Daptomycin, 6 mg/kg, � gentamicin �4.36b �6.02b �6.15b �2.38b �4.96b �5.05b

Daptomycin, 10 mg/kg �2.23b �4.17b �6.07b �3.57b �4.90b �5.63b

Daptomycin, 10 mg/kg, � rifampin �1.65b �3.48b �5.46b �2.09b �3.71b �5.41b

Daptomycin, 10 mg/kg, � gentamicin �2.32b �6.07b �5.67b �2.99b �4.08b �5.04b

Linezolid �0.02 �0.19 �0.95 �0.07 �1.08b �2.90b

Linezolid � rifampin �0.07 �0.40 �1.96b �0.45 �0.48 �0.79
Linezolid � gentamicin �0.13 �0.15 �0.88b �0.14 �0.67b �4.08b

a The starting inoculum was 5 � 109 CFU/g. Positive values indicate growth.
b Statistically significantly different from the result with the growth control.
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The combination of gentamicin with 6 mg/kg daptomycin was sig-
nificantly more active than the combination of rifampin with 6 mg/kg
daptomycin at 24 h (95% CI, 0.2349 to 2.9984; P, 0.013). Rifampin
antagonized all regimens at 24 h. The addition of rifampin also sig-
nificantly antagonized linezolid activity at 48 h (95% CI, 0.0546 to
3.9921; P, 0.040) and 72 h (95% CI, 0.0595 to 4.1772; P, 0.040). At 72
h, the log10 CFU/g with linezolid plus rifampin was not significantly
different from that with the growth control. Changing rifampin dos-
ing from three times daily to once daily did not significantly increase
activity; however, the combination of linezolid and rifampin once
daily was significantly more active than the growth control at 72 h
(95% CI, 0.1546 to 4.6654; P, 0.028).

Neither gentamicin monotherapy nor rifampin monotherapy
demonstrated any significant activity against either isolate during
the study. Resistance occurred in the rifampin and gentamicin
monotherapy models by 24 h. The linezolid and daptomycin
MICs differed at each time point but never exceeded 4 �g/ml. The
MICs of rifampin in combination with either daptomycin or lin-
ezolid increased throughout the 72-h experiments against the
VRE isolate, from 4 to 	32 �g/ml. Gentamicin MICs remained
constant throughout the combination regimen experiments.

In vivo Galleria mellonella survival assay. All antimicrobial
regimens tested improved survival in all Galleria mellonella assays
(P, �0.0001) (Fig. 2 and 3). Against E. faecalis, monotherapy with
10 mg/kg daptomycin improved survival significantly over that
with linezolid alone (P, 0.0032) (Fig. 2a). Gentamicin improved
the efficacy of 6 mg/kg daptomycin (P, 0.0361) but not that of
linezolid (Fig. 2c and e), as observed in the in vitro model. Against
E. faecium, gentamicin improved the efficacy of both the 6-mg/kg
daptomycin regimen and the linezolid regimen (P, 0.0009 and
0.0015, respectively) (Fig. 3c and e). The addition of rifampin was
not significant for daptomycin or linezolid against either strain
(Fig. 2b and d and 3b and d). Although no antagonism was ob-
served for rifampin, the other results concur with our in vitro
pharmacodynamic findings.

DISCUSSION

Infective endocarditis vegetations often carry a high bacterial burden
(108 to 1010 organisms per g of tissue) (37). This high bacterial density
and the limited blood supply to this area allow for a diminished
immune response and limited antimicrobial drug access. The loca-
tion of the vegetation (right-sided versus left-sided endocarditis), pa-

FIG 2 Efficacies of compounds against E. faecalis in a G. mellonella infection model. Aside from those representing controls (Untouched and PBS), each line on
each graph represents the survival of a group of 16 larvae injected first with E. faecalis and then with the indicated drug(s). Shown are the percentages of survival
for larvae receiving monotherapy with 6 mg/kg daptomycin (DAP6), 10 mg/kg daptomycin (DAP10), or linezolid (LZD) (a), 6 mg/kg daptomycin alone or in
combination with rifampin (RIF) (b), 6 mg/kg daptomycin alone or in combination with gentamicin (GEN) (c), linezolid alone or in combination with rifampin
(d), or linezolid alone or in combination with gentamicin (e) in comparison with those for controls.
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tient comorbidities, and surgical interventions determine the success
of treatment (38, 39). The ability of bacteria to form biofilms may
contribute to treatment failure, since biofilm-forming bacteria are
inherently less susceptible to antibiotics due to decreased growth
rates, nutrient restriction, and adaptive stress responses (40–43).

Endocarditis caused by enterococci requires treatment with syn-
ergistic antimicrobials; traditionally, a cell wall-active agent (a beta-
lactam or vancomycin) and an aminoglycoside. High-level resistance
to vancomycin eliminates the main therapeutic options in the man-
agement of serious enterococcal infections. Currently, the options for
resistant E. faecalis IE include ampicillin in combination with ei-
ther imipenem-cilastatin or ceftriaxone (1). While treatment with
ampicillin in combination with ceftriaxone against high-level
aminoglycoside-resistant (HLAR) E. faecalis is becoming more
common, further investigations into PK/PD activity and dosage
are needed. The 2005 American Heart Association guidelines for
the treatment of IE recommend �8 weeks of linezolid or quinu-
pristin-dalfopristin monotherapy for the treatment of “native or
prosthetic valve enterococcal endocarditis caused by strains resis-
tant to penicillin, aminoglycoside, and vancomycin” (1). In many
cases, these treatments are not ideal. Linezolid has inherent bac-

teriostatic activity (6, 44) and can cause myelosuppression (45,
46), and failure in bacteremia and IE has been documented in
animal studies and human case reports (47–50). The use of
quinupristin-dalfopristin is also limited, because it demonstrates
inherent bacteriostatic activity against VRE (51), lack of activity
against E. faecalis (6), and musculoskeletal toxicities in approxi-
mately 50% of the population, and because it requires the use of a
central line for administration (52). Daptomycin is commonly
used for the treatment of VRE infections (53), although the opti-
mal dose and combinations are unknown.

Studies have shown that daptomycin demonstrates activity in
enterococcal infections and may provide an option for patients
with allergies or contraindications to other therapies. In a retro-
spective cohort study of VRE bloodstream infections, treatment
with daptomycin or linezolid demonstrated no difference in mor-
tality; however, infection with E. faecium and concurrent treat-
ment with rifampin or gentamicin were independent risk factors
for mortality (54). Antagonistic activity is often observed when
rifampin is added to bactericidal agents in high-inoculum infec-
tions, due to high rates of mutations conferring resistance (�1 in
106) (31, 55, 56). The in vitro model demonstrated antagonism

FIG 3 Efficacies of compounds against E. faecium in a G. mellonella infection model. Aside from those representing controls (Untouched and PBS), each line on
each graph represents the survival of a group of 16 larvae injected first with E. faecium and then with the indicated drug(s). Shown are the percentages of survival
for larvae receiving monotherapy with 6 mg/kg daptomycin, 10 mg/kg daptomycin, or linezolid (a), 6 mg/kg daptomycin alone or in combination with rifampin
(b), 6 mg/kg daptomycin alone or in combination with gentamicin (c), linezolid alone or in combination with rifampin (d), or linezolid alone or in combination
with gentamicin (e) in comparison with those for controls.
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with rifampin. The in vivo model used a lower bacterial burden, so
antagonism from rifampin resistance may not have been as evi-
dent. In contrast, previous in vitro studies have shown synergy
between daptomycin and rifampin and nonantagonism between
daptomycin and gentamicin (6).

G. mellonella is an invertebrate model host that shares many of
the advantages of mammalian models and is free of the ethical and
logistical constraints that accompany their use (57). Specifically,
G. mellonella larvae can grow at 37°C, thus effectively simulating
human temperatures, and can be directly injected with the inoc-
ulum and compounds to be tested, thus allowing for exact quan-
tification of the experimental concentrations (58). As a result, this
model host is well established in the screening of the efficacy and
safety of antimicrobial compounds against a variety of infections
(59) and has also been used effectively to test antibiotics against
Enterococcus spp. in the past (60). G. mellonella possesses both
cellular and humoral defenses and has extensive structural and
functional similarities to vertebrate immune systems (61). Finally,
G. mellonella larvae have also been proven effective for the identi-
fication of the immunomodulatory properties of several com-
pounds that would have gone unnoticed in in vitro experiments
(62). Our in vivo model demonstrated improvement with the ad-
dition of gentamicin to 6 mg/kg daptomycin. It is possible that this
improvement would not be seen with higher daptomycin doses,
since survival was 100% at 9 days with the 10-mg/kg dose.

Another in vitro model with simulated endocardial vegeta-
tions, used by Hall et al., successfully demonstrated the concentra-
tion-dependent activity of daptomycin against VRE, supporting
doses of 	6 mg/kg/day, as well as demonstrating that daptomycin
activity was superior to linezolid activity (32). A recent meta-analysis
of VRE bacteremia demonstrated a trend toward higher survival
with linezolid treatment than with daptomycin treatment (63).
These differences, however, were not statistically significant, and
the studies used suffered from problems of different definitions
of mortality, low doses of daptomycin (average dose, �6 mg/
kg), and a possible treatment selection bias in the cohorts (64).
A recent cohort study of patients with Gram-positive infective
endocarditis demonstrated no significant difference in mortal-
ity between standard-of-care antibiotics and daptomycin given
at an average dose of �8 mg/kg in the E. faecalis group (65). The
E. faecalis group treated with daptomycin had a significantly
shorter average length of stay than patients treated with standard
antibiotics (17.5 [range, 13.5 to 19.5] versus 31 [range, 19.0 to
50.0] days; P, 0.02) (65). Although small, this study also demon-
strated no significant increase in adverse events with higher-dose
daptomycin. Our work demonstrates no statistically significant
differences between any of the daptomycin regimens at 72 h.
There is some in vitro evidence to support the use of high-dose
daptomycin in complicated enterococcal bacteremia and IE: 10
mg/kg, but not 6 mg/kg, can prevent increases in MICs for dapto-
mycin-nonsusceptible S. aureus isolates (66). The addition of gen-
tamicin for the first 24 h decreased the bacterial burden faster than
daptomycin alone but provided no benefit after 24 h.

In conclusion, daptomycin-containing regimens generally were
more active against enterococcal isolates than linezolid throughout
the experiments. The addition of rifampin to either linezolid or dap-
tomycin did not significantly increase antibacterial activity in an
in vitro sequestered high-inoculum model of enterococcal endo-
carditis at 72 h, and rifampin delayed the bactericidal activity of
daptomycin during the first 24 h. The inhibition of bacterial RNA

synthesis may be responsible for delaying the killing activities of
cell wall-active agents (67). The addition of gentamicin improved
the bactericidal activity of daptomycin against E. faecalis most in
the first 24 h and increased the activity of linezolid against vanco-
mycin-resistant E. faecium at 72 h. It is currently unclear how
linezolid, a protein synthesis inhibitor, demonstrates improved
activity in the presence of gentamicin. This improved activity has
also been observed against S. aureus and a vancomycin-resistant E.
faecalis strain (67–69). We believe that our work supports the use
of 6 or 10 mg/kg daptomycin, with the addition of 24 h of genta-
micin for E. faecalis, as the most active therapy for enterococcal
endocarditis. Other clinical studies have demonstrated worse out-
comes with rifampin, while gentamicin adds activity only in the
first 24 h, and its use should be limited due to concerns about
nephrotoxicity.

A limitation of this study is the use of only two isolates. In
addition, we cannot conclude that our in vitro results will hold
true with treatment durations longer than 72 h. Our findings on
daptomycin and linezolid monotherapy are consistent with
those published for clinical, in vitro, and animal models (7, 32,
70). The linezolid concentration in G. mellonella larvae, while
active, was lower than desired due to limits on available pharma-
ceutical concentrations. It is possible that the differences seen
would not be significant if a higher concentration were used.
While G. mellonella larvae received doses targeting the free peak
concentration achieved in humans, each drug was dosed only
once, survival was measured over 9 days, and pharmacokinetic
information, including metabolism and excretion, is unknown.

The results support the use of 6 or 10 mg/kg daptomycin
against VRE and 6 or 10 mg/kg daptomycin plus 24 h of gentami-
cin against E. faecalis in simulated endocardial vegetations. None-
theless, our results should be applied to clinical practice with cau-
tion. Confirmation of these results in clinical studies is needed
before these regimens can be adopted for use in the care of pa-
tients.
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