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New antimicrobial agents and novel combination therapies are needed to treat serious infections caused by methicillin-resistant
Staphylococcus aureus (MRSA) with reduced susceptibility to daptomycin and vancomycin. The purpose of this study was to
evaluate the combination of ceftaroline plus daptomycin or vancomycin in an in vitro pharmacokinetic/pharmacodynamic
model. Simulations of ceftaroline-fosamil at 600 mg per kg of body weight every 8 h (q8h) (maximum free-drug concentration in
serum [fCmax], 15.2 mg/liter; half-life [t1/2], 2.3 h), daptomycin at 10 mg/kg/day (fCmax, 11.3 mg/liter; t1/2, 8 h), vancomycin at 2 g
q12h (fCmax, 30 mg/liter; t1/2, 6 h), ceftaroline plus daptomycin, and ceftaroline plus vancomycin were evaluated against a clini-
cal, isogenic MRSA strain pair: D592 (daptomycin susceptible and heterogeneous vancomycin intermediate) and D712 (dapto-
mycin nonsusceptible and vancomycin intermediate) in a one-compartment in vitro pharmacokinetic/pharmacodynamic model
over 96 h. Therapeutic enhancement of combinations was defined as >2 log10 CFU/ml reduction over the most active single
agent. The effect of ceftaroline on the membrane charge, cell wall thickness, susceptibility to killing by the human cathelicidin
LL37, and daptomycin binding were evaluated. Therapeutic enhancement was observed with daptomycin plus ceftaroline in
both strains and vancomycin plus ceftaroline against D592. Ceftaroline exposure enhanced daptomycin-induced depolarization
(81.7% versus 72.3%; P � 0.03) and killing by cathelicidin LL37 (P < 0.01) and reduced cell wall thickness (P < 0.001). Fluores-
cence-labeled daptomycin was bound over 7-fold more in ceftaroline-exposed cells. Whole-genome sequencing and mutation
analysis of these strains indicated that change in daptomycin susceptibility is related to an fmtC (mprF) mutation. The combina-
tion of daptomycin plus ceftaroline appears to be potent, with rapid and sustained bactericidal activity against both daptomycin-
susceptible and -nonsusceptible strains of MRSA.

Infections caused by methicillin-resistant Staphylococcus aureus
(MRSA) with reduced susceptibility to vancomycin (VAN) and

daptomycin (DAP) are often associated with high bacterial den-
sity; failure of prior antimicrobial therapies, including VAN; and
poor clinical outcomes (1, 2). Alternative agents currently recom-
mended are limited by side effects, suboptimal plasma concentra-
tions, and bacteriostatic activity, which may not be suitable for
managing serious, high-inoculum infections, such as infective en-
docarditis (1, 3). Consequently, new antimicrobials and novel
combinations must be explored in order to establish safer and
more effective alternatives for managing infections caused by
MRSA with reduced susceptibility to DAP and VAN.

Ceftaroline-fosamil (CPT-F) is a broad-spectrum cephalospo-
rin approved by the FDA for the management of community-
acquired bacterial pneumonia and acute bacterial skin and skin
structure infections. CPT, the active metabolite of CPT-F, has
activity against MRSA, heterogeneous VAN-intermediate S. au-
reus (hVISA), VISA, VAN-resistant S. aureus (VRSA), and DAP-
nonsusceptible (DNS) S. aureus (4). This activity is conferred by
ceftaroline’s affinity for multiple penicillin binding protein (PBP)
subtypes, including PBP2a, which mediates oxacillin (OXA) resis-
tance (4). While CPT is reliably bactericidal against most strains of
S. aureus, some in vitro data indicate that it may be more active

against hVISA and VISA strains than strains that are fully suscep-
tible to VAN (5, 6). The phenomenon referred to as the “seesaw”
effect, whereby susceptibility to antistaphylococcal beta-lactams
(ASBLs) increases as glyco- and lipopeptide susceptibility de-
creases, may explain the enhanced CPT activity that has been ob-
served (7–9). A possible explanation for this effect might be re-
lated to differential PBP expression induced by glycopeptide
exposure in VISA strains (10–13).

DAP is rapidly bactericidal against S. aureus, including VISA
and hVISA strains, and has been shown to be synergistic with OXA
and other ASBLs against DNS MRSA (14). Exposure to beta-lac-
tams increases binding of DAP and cationic microbicidal peptides
to cell membranes and enhances the bactericidal activity of these
compounds in both MRSA and enterococci (14, 15). CPT appears
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to be substantially more effective than high-dose DAP (10 mg/kg
of body weight/day) against VISA and hVISA strains when the
DAP MIC is �2 mg/liter (5). Based on the synergy observed be-
tween DAP and OXA and the superior activity of CPT against
DNS S. aureus, CPT plus DAP has the potential to be a powerful
combination. The objectives of the present study were to evaluate
the combination of CPT plus DAP for evidence of therapeutic
enhancement in a preliminary one-compartment pharmacoki-
netic/pharmacodynamic (PK/PD) model simulating a high-inoc-
ulum infection with DAP- and VAN-susceptible and -nonsuscep-
tible MRSA and to examine the mechanism for this interaction if
one was found.

MATERIALS AND METHODS
Bacterial strains. One clinical isogenic strain pair isolated from a patient
with prolonged bacteremia secondary to osteomyelitis was evaluated. The
parent strain (D592) is a DAP-susceptible (DS) hVISA strain that mutated
into a DNS VISA strain (D712) over a 20-day period of antimicrobial
therapy that included VAN and DAP (14).

Antimicrobials. DAP and VAN were purchased commercially from
Cubist Pharmaceuticals (Lexington, MA) and Sigma Chemical Co. (St.
Louis, MO), respectively. CPT was provided by Forest Laboratories, Inc.
(New York, NY). Bodipy-fluorescein-labeled daptomycin was provided
by Cubist Pharmaceuticals (Lexington, MA).

Media. Cation-adjusted Mueller-Hinton broth (CAMHB) (Difco,
Detroit, MI), containing 25 mg/liter calcium and 12.5 mg/liter magne-
sium, was used for PK/PD models with VAN and CPT. Due to the
calcium-dependent mechanism of DAP, MHB supplemented with 50
mg/liter calcium and 12.5 mg/liter magnesium was used for models uti-
lizing DAP. Colony counts were determined using tryptic soy agar (TSA)
(Difco, Detroit, MI) plates.

Susceptibility testing. MICs of study antimicrobial agents were deter-
mined in duplicate by broth microdilution at 106 CFU/ml according to
CLSI guidelines. All samples were incubated at 37°C for 18 to 24 h (16).
Glycopeptide heteroresistance in D592 was confirmed by previously de-
scribed methods (30).

In vitro PK/PD model. An in vitro one-compartment PK/PD model
with a 250-ml capacity and input and outflow ports was used. The appa-
ratus was prefilled with medium, and antimicrobials were administered as
boluses over a 96-hour time period. Prior to each experiment, bacterial
lawns from an overnight growth on TSA were suspended and added to
each model to obtain a starting inoculum of �108 CFU/ml. Fresh medium
was continuously supplied and removed from the compartment along
with the drug via a peristaltic pump (Masterflex; Cole-Parmer Instrument
Company, Chicago, IL) at an appropriate rate to simulate the average
human half-lives of the antimicrobials. The antimicrobial regimens eval-
uated were simulations of CPT-F at 600 mg every 8 h (q8h) (maximum
free-drug concentration in serum [fCmax], 15.2 mg/liter; half-life [t1/2],
2.3 h; protein binding, 20%) (17), DAP simulations of 10 mg/kg q24h
(fCmax, 11.3 mg/liter; t1/2, 8 h; protein binding, 92%) (18), VAN simula-
tions of 2 g q12h (fCmax, 30 mg/liter; t1/2, 6 h; protein binding, �55%)
(19), CPT-F at 600 mg q8h plus DAP at 10 mg/kg q24h, and CPT-F at 600
mg q8h plus VAN at 2 g q12h. The models were performed in duplicate to
ensure reproducibility. Supplemental DAP and VAN were added at an
appropriate rate to CPT combination models to compensate for the
higher flow rate required to simulate CPT clearance (20).

Pharmacodynamic analysis. Samples from each model were collected
at 0, 4, 8, 24, 28, 32, 48, 56, 72, and 96 h in duplicate and diluted in cold
0.9% saline. Colony counts were determined by spiral plating appropriate
dilutions using an automatic spiral plater (WASP; DW Scientific, West
Yorkshire, England) to enumerate CFU/ml and avoid antibiotic carry-
over. Colonies were counted using a laser colony counter (ProtoCOL;
Synoptics Ltd., Frederick, MD). If the anticipated dilution was near the
MIC, vacuum filtration was used to avoid antibiotic carryover. When

vacuum filtration was used, samples were washed through a 0.45-�m
filter with normal saline to remove the antimicrobial agent. For both
methods, plates were incubated at 37°C for 24 h before colonies were
counted. These methods have a lower limit of reliable detection of 1 log10

CFU/ml. The total reduction in log10 CFU/ml over 96 h was determined
by plotting model time-kill curves based on the number of remaining
organisms over the 96-h time period. Bactericidal activity (99.9% kill) was
defined as a �3-log10-CFU/ml decrease in colony count from the initial
inoculum. Bacteriostatic activity was defined as a �3-log10-CFU/ml re-
duction in colony count from the initial inoculum, and inactivity was
defined as no observed reduction in initial inocula. The time to achieve a
99.9% bacterial load reduction was determined by linear regression or by
visual inspection (if r2 was �0.95). Therapeutic enhancement of combi-
nations was defined as �2-log10-CFU/ml reduction over the most active
single agent.

Pharmacokinetic analysis. Pharmacokinetic samples were obtained
through the injection port of each model at 0, 1, 2, 4, 8, 24, 32, 48, 56, 72,
and 96 h for verification of target antibiotic concentrations. All samples
were stored at �70°C until ready for analysis. CPT concentrations were
determined by bioassay using Bacillus subtilis ATCC 6633. Blank 1/4-in
disks were spotted with 10 �l of standard concentrations or samples. Each
standard was tested in duplicate by placing the disk on agar plates (anti-
biotic medium number 11) inoculated with a 0.5 McFarland suspension
of the test organism. This assay demonstrated an intraday coefficient of
variance of less than 10% for 2.5-, 10-, and 40-mg/liter standards. For
DAP, 1/4-in holes were punched in antibiotic medium number 5 agar
plates inoculated with Micrococcus luteus (ATCC 9341) and filled with 50
�l of the standards or samples. This assay was found to have an intraday
coefficient of variance of less than 11% for 2.5-, 7.5-, and 15-mg/liter
standards. Each standard and sample was tested in duplicate. The plates
were incubated for 18 to 24 h at 37°C, at which time the zone sizes were
measured using a protocol reader (Protocol; Microbiology International,
Frederick, MD). Concentrations of VAN were determined using a fluo-
rescence polarization immunoassay (TDX assay; Abbott Diagnostics).
The VAN assay has a limit of detection of 2.0 mg/liter with an interday
coefficient of variance of less than 12% for low, medium, and high stan-
dards. The half-lives, areas under the curve (AUC), and peak concentra-
tions of the antibiotics were determined by the trapezoidal method, uti-
lizing PK Analyst software (version 1.10; MicroMath Scientific Software,
Salt Lake City, UT).

Resistance. Emergence of resistance was evaluated at 96 h by plating
100-�l samples from the model on Mueller-Hinton agar (MHA) or brain
heart infusion agar (BHIA) plates supplemented with DAP, CPT, or VAN
at a concentration 3 times the MIC of the tested antibiotic. The plates were
examined for growth after 24 and 48 h of incubation at 35 to 37°C. Resis-
tant colonies growing on screening plates were evaluated by the Etest or
broth microdilution method to determine the MIC. If resistance was de-
tected at the end of the model, additional screening was performed to
identify the first occurrence of resistance.

Membrane surface charge. The relative membrane charge was evalu-
ated by a previously described cytochrome c binding methodology with
modifications (21). Cells grown overnight in 25 ml of brain heart infusion
broth (BHIB) containing 0.25 times the MIC of CPT or plain BHIB were
pelleted, washed twice with MOPS (morpholinepropanesulfonic acid)
buffer (20 mM; pH 7.0), and then resuspended in MOPS buffer and ad-
justed to an optical density at 600 nm (OD600) of 4. Cytochrome c was
dissolved in MOPS (10 mg/ml), and then 0.1 ml was added to 0.9 ml of
bacterial suspension. After 30 min of incubation at 21°C with gentle shak-
ing, the cells were centrifuged, and the cytochrome c remaining in the
supernatant was quantitated by comparing the OD530 of samples with that
of a standard curve. Assays were performed in triplicate, and the results
were expressed as means and standard deviations (SD).

Cathelicidin LL37 microbicidal assay. Both strains were grown to
stationary phase (16 to 20 h) in lysogeny broth (LB) in either the presence
or absence of 0.1 mg/liter of CPT, pelleted, washed with PBS, and exposed
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at an inoculum of 105 CFU/ml to 128 �M LL-37 in RPMI-5% LB. The
percentage of surviving bacteria (�SD) after 1.5 h and 3 h of incubation at
37°C was calculated by plating on blood agar plates.

Membrane potential assay. DAP membrane depolarization was eval-
uated as previously described (22). Briefly, strains D592 and D712 were
grown to stationary phase overnight in 5 ml of BHIB in the presence and
absence of CPT at a concentration 0.25 times the MIC. After overnight
growth, 1 ml of this suspension was used to inoculate 25 ml of Mueller-
Hinton broth (MHB), and the cells were grown to early exponential
phase, pelleted, washed twice with HEPES buffer (pH 7.2, containing 50
mg/liter Ca2�), and then resuspended in HEPES (OD600 � 0.2). Aliquots
were transferred to a cuvette containing a stir bar, and then KCl (100 mM)
was added and the cuvette was placed in the heated chamber of a Fluoro-
Max-3 spectrofluorometer (� excitation � 622 nm and � emission � 670
nm at 37°C) (Horiba Jobin Yvon Inc., Edison, NJ). The cells were incu-
bated with the membrane potential-sensitive dye DiSC3 (16) (0.1 mg/ml)
for 10 min. The conditions included CPT-exposed cells plus DAP (8 mg/
liter), unexposed cells plus DAP (8 mg/liter), nisin (25 mg/liter) as a pos-
itive control, and unexposed cells without nisin or DAP as a negative
control. The membrane-depolarizing activity of DAP over 60 min was
calculated as follows: percent depolarization � [(Fd or Fde � Fc)/(Fn �
Fc)] 	 100, where Fd, Fde, Fc, and Fn are fluorescence measurements with
DAP, DAP in CPT-exposed cells, no antibiotic, and nisin, respectively.

Binding of fluorescent daptomycin. Bacteria were grown to an OD600

of 0.6, grown for an additional 1 h with or without CPT at 1 mg/liter, and
then incubated with 16 �g/ml daptomycin– boron-dipyrromethene
(bodipy) for 10 min, washed three times in medium to remove unin-
corporated label, stained with 1 �g/ml DAPI (4=,6-diamidino-2-phe-
nylindole), and placed on a 1% agarose pad for imaging in an Applied
Precision deconvolution fluorescence microscope as described previously
(23). For quantitation of daptomycin-bodipy fluorescence, images from
each sample were collected using identical camera exposures. Image J was
used to measure the average fluorescence intensity of individual pixels for
150 untreated cells and 200 ceftaroline-treated cells. The average fluores-
cence intensity of individual pixels for the background was also measured
and subtracted from the cells to generate an accurate measurement of
daptomycin-bodipy binding.

Whole-genome sequencing and mutation analysis. Whole-genome
sequencing was performed on both D592 and D712 on a multiplexed lane
of an Illumina HiSeq 2000. Briefly, DNA from stationary-phase cultures
was extracted using a Biostic DNA isolation kit (MO BIO Laboratories,
Carlsbad, CA). Three micrograms of DNA was sheared to an average size
of 300 bp by adaptive-force acoustics using a Covaris S2 (Covaris,
Woburn, MA), and standard library preparation was performed with full-
length adapters and barcodes using the NEBNext master mix set (New
England BioLabs, Ipswich, MA). Samples were enriched for 5 cycles and
size selected at around 400 bp prior to sequencing. Approximately 4 mil-
lion 100-bp paired-end reads were acquired per sample using Illumina’s
v3 chemistry. Samples were mapped to the MRSA Mu50 reference ge-
nome with the aligner Stampy utilizing the BWA flag (24–26). Reads
underwent realignment and base quality recalibration prior to variant
calling with GATK (27). Variations relative to Mu50 that were present in
only one of the two isolates were identified and functionally annotated
using a combination of custom Perl scripts. In addition to mapping the
reads to Mu50, de novo contigs were also built with the overlap assembler
EDENA v3 (28). Reads from D712 were mapped using the same proce-
dure as with Mu50 but using the de novo contigs of D592 as the reference.
We also performed cross comparisons of the D592 and D712 contigs to
look for large structural differences. In both cases, the variation identified
had perfect agreement with the Mu50 reference mapping.

TEM. Single models of D712 against simulated regimens of DAP,
CPT, and DAP plus CPT described above were run for 18 h. After 18 h of
drug exposure, 30- to 120-ml samples were collected and centrifuged to
collect a sufficient sample of bacteria for imaging. Cell wall thickness
(CWT) was determined by Transmission electron microscopy (TEM) as

described previously (29). Ultrathin sections were evaluated at a magni-
fication of 	48,000 with a JEOL 100CX electron microscope, and images
were captured with a MegaView III side-mounted digital camera. The
resulting images were analyzed using ImageJ 1.39t software. CWT was
determined for at least 15 cells per sample using four separate quadrants of
each cell for a total of �100 measurements per sample.

Statistical analysis. Changes in numbers of CFU/ml at 24, 48, 56, 72,
and 96 h were compared by analysis of variance with Tukey’s post hoc test.
Cytochrome c binding and depolarization results were compared using
Student t tests. A P value of �0.05 was considered significant. All statistical
analyses were performed using SPSS Statistical Software (release 20.0;
SPSS, Inc., Chicago, IL).

RESULTS
Susceptibility testing. D712 MICs were 0.5, 4, and 4 mg/liter, and
D592 MICs were 1, 0.5, and 2 mg/liter for CPT, DAP, and VAN,
respectively. A VAN population analysis profile (PAP) of D592
revealed an AUC/AUC ratio of 1.0367 to Mu3, indicating hetero-
resistance to glycopeptides.

In vitro PK/PD model. The observed PK parameters were
within 1%, 9%, and 18% of target values for DAP, CPT, and VAN,
respectively. For CPT, the average observed ƒCmax was 15.76 �
1.23 mg/liter (target, 15.2 mg/liter; protein binding, 20%), with an
average t1/2 of 2.10 � 0.193 h (target, 2.3 h). The time above the
MIC (T 
 MIC) was 100% of the 8-hour dosing interval for both
strains, with an average minimum free-drug concentration
(ƒCmin) of 1.14 mg/liter. For DAP, the average observed ƒCmax was
11.28 mg/liter � 0.765 mg/liter (target, 11.2 mg/liter; protein
binding, 92%), with an average t1/2 of 7.99 � 0.056 h (target, 8 h),
and the average free trapezoidal AUC from 0 to 24 h (AUC0-24) was
120.9�2.7 mg · h/ml. For VAN, the average ƒCmax was 27.96�0.149
mg/liter (target, 30 mg/liter; protein binding, 50 to 55%), with an
average t1/2 of 4.99 h � 0.028 h (target, 6 h) and an average free-
drug AUC from 0 to 24 h (fAUC0-24) of 336.9 � 1.3 mg · h/ml.

Against D712 (Fig. 1A) DAP and VAN monotherapy demon-
strated minimal bacteriostatic activity. CPT monotherapy dem-
onstrated sustained bactericidal activity. The addition of CPT to
DAP demonstrated therapeutic enhancement against the strain,
resulting in bactericidal activity by 8 h and significantly better
killing than any other therapy at all time points after 28 h (P �
0.01). The combination of CPT plus VAN resulted in significantly
greater reduction in log10 CFU/ml over all regimens, except for
CPT plus DAP at 96 h, but did not meet criteria for therapeutic
enhancement. A similar relationship was observed with the parent
strain, D592 (Fig. 1B). Treatment with DAP plus CPT and VAN
plus CPT resulted in therapeutic enhancement and significantly
greater reduction in log10 CFU/ml than all other regimens at 96 h
(Table 1). DAP plus CPT was not significantly more active than
VAN plus CPT in this strain; however, it did result in bactericidal
activity more rapidly than any other regimen (5.46 h versus 15.62
h). DAP, VAN, and CPT monotherapies were bacteriostatic
against D592 at 96 h. No resistant mutants were recovered from
any of the models with either organism by 96 h.

Membrane surface charge, depolarization, and cathelicidin
LL37 microbicidal assays. Assessment of surface charge by cyto-
chrome c binding showed no detectable difference in surface
charge. In LL37 killing assays, DAP-NS strain D712 showed con-
siderably reduced killing compared to DAP-susceptible D592.
Killing by human cathelicidin LL37 was significantly enhanced at
1.5 and 3 h by preexposure of both strains to subinhibitory con-
centrations (0.1 mg/liter) of CPT (P � 0.01) (Fig. 2). DAP-in-
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duced membrane depolarization was enhanced in the presence of
CPT (81.7% versus 72.3%; P � 0.03).

Binding of fluorescent daptomycin. We measured the ability
of a fluorescent derivative of daptomycin to interact with the

membranes of D712. Daptomycin-bodipy showed almost no
binding to the membranes of untreated cells (Fig. 3A) but bound
strongly when cells were preincubated with 1 �g/ml ceftaroline for
1 h (Fig. 3B). Quantitation of fluorescence intensity showed that
binding increased dramatically (
7-fold) from an average of 9
counts per pixel for untreated cells (n � 150 cells) compared to an
average of 70 counts per pixel (n � 200 cells) for ceftaroline-
treated cells.

FIG 1 Activity of CPT, DAP, and VAN alone and in combination against
D712 (A) and D592 (B). The error bars indicate SD.

TABLE 1 In vitro activity of regimens tested against D712 and D592
after 96 h

Regimen

Log10 CFU/ml at 96 h

D712 D592

DAP 8.29 � 0.03a 5.92 � 0.18a

VAN 6.82 � 0.04a 6.08 � 0.33a

CPT 4.63 � 0.19a 6.87 � 1.15a

DAP � CPT 1.15 � 0.20b 1.00 � 0.00b

VAN � CPT 3.18 � 0.49a 1.75 � 0.21b

a Significantly different than DAP plus CPT (P � 0.001).
b Therapeutic enhancement.

FIG 2 Percent survival of D712 and D592 at 1.5 and 3 h with 128 �M LL37 in
the presence and absence of subinhibitory concentrations (0.1 mg/liter) of
CPT. The error bars indicate SD.

FIG 3 Binding of fluorescent daptomycin to D712 increased dramatically
when cells were preincubated with ceftaroline. (A) In cells not treated with
ceftaroline, daptomycin-bodipy failed to show significant binding to the mem-
brane. (B) Daptomycin-bodipy intensely stained the membranes of cells pre-
treated for 1 h with 1 �g/ml ceftaroline. Scale bars, 1 �m. The tiffs used to
construct the figure were adjusted identically for each sample.
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Full-genome sequencing and mutation analysis. Full-ge-
nome sequencing revealed 5 single-nucleotide variants (SNVs)
between D592 and D712 (Table 2). Three of these SNVs resulted
in nonsynonymous amino acid substitutions, and 1 resulted in a
change in the fmtC (mprF) gene, which is known to be associated
with the development of nonsusceptibility to daptomycin and
host cationic microbicidal peptides (31).

Transmission electron microscopy. Due to the enhanced ac-
tivity observed with CPT and CPT in combination with DAP
against D712, this strain was selected for evaluation of drug-in-
duced changes in CWT by TEM (Fig. 4 and 5A, B, C, and D). At
baseline, the average CWT was 31.56 nm. CPT exposure resulted
in an average reduction in CWT of 8.94 nm (P � 0.001), DAP-
plus-CPT exposure increased the CWT by an average of 2.42 nm
(P � 0.02), and DAP alone resulted in a nonsignificant increase
(1.28 nm) in CWT compared to unexposed cells.

DISCUSSION

Although infections with DNS MRSA are not common, they are
associated with serious, deep-seated infections that require long
treatment duration and have high rates of failure with typical an-
timicrobial regimens (1, 2). The optimal therapeutic regimen for
the treatment of complicated or refractory bacteremia with MRSA
with reduced susceptibility to VAN and DAP is unknown. The
MRSA consensus guidelines suggest that combination therapy
should be considered in this setting, but it is unclear which com-
bination of drugs is most appropriate (3). In vitro and limited
clinical data suggest that daptomycin in combination with tri-
methoprim-sulfamethoxazole (TMP-SMX) or an antistaphylo-
coccal beta-lactam may be suitable options for refractory bactere-
mia with DNS MRSA (3, 14, 32–34). In this study, we have
demonstrated that the combination of DAP and CPT has rapid
and sustained bactericidal activity against DS, as well as DNS,
strains. This combination may be more appealing to clinicians,
who may not feel comfortable using DAP in combination with
classic ASBLs against DNS MRSA, as neither agent is technically
susceptible. Another potential advantage of this combination over
combinations with classic ASBLs is that the rapid and complete
reduction of the high bacterial inoculum observed may allow
eventual de-escalation to CPT monotherapy, as has been success-
ful in vitro with the combination of DAP plus TMP-SMX (35).
Therapeutic de-escalation is especially appealing for conditions

like infective endocarditis and osteomyelitis, where DNS and
VISA strains are more likely and treatment duration is weeks to
months. De-escalation to CPT in this setting may be pharmaco-
economically advantageous, as well. Further research is warranted
to determine the optimal duration of CPT-plus-DAP therapy and
the optimal timing and antimicrobial selections involved in ther-
apeutic de-escalation.

The enhanced activity observed in the model with the combi-
nation of DAP plus CPT seems to be mediated through enhanced
binding of the DAP-calcium complex secondary to increased
membrane negativity, as evidenced by increased activity of LL37,
binding of bodipy DAP, and enhanced membrane depolarization
in CPT-exposed cells. This proposed mechanism of therapeutic
enhancement is consistent with what has been published regard-
ing the combination of DAP and beta-lactams in both staphylo-
cocci and enterococci (9, 14, 15). Although significant changes in
cytochrome c binding in CPT-exposed cells were not observed in
this study, the assay may not have been sensitive enough to detect
the difference in membrane charge caused by subinhibitory con-
centrations of CPT, as these concentrations are much lower than
those used in similar studies with other beta-lactams to which the
organism is resistant (14, 15, 33).

In this experiment, we also observed improved activity of VAN
when combined with CPT against both strains; however, this en-
hancement was greatest against the DS hVISA strain (D592).
Other investigators have documented enhanced activity against
MRSA, including hVISA, with the addition of traditional ASBLs to
vancomycin in similar in vitro models (36, 37). Additional studies
are warranted to further explore the combination of VAN plus
CPT in other strains. A possible mechanism for this synergistic
interaction may be related to the cell wall-thinning effects ob-
served in CPT-exposed cells. MRSA with reduced susceptibility to
VAN, such as VISA, are known to have thick cell walls due to an
overproduction of loosely cross-linked peptidoglycan that seques-
ters vancomycin on the surface of the cell, preventing adequate
binding to critical internal cell wall structures (11). The reduction
in CWT after CPT exposure may allow VAN to penetrate into the
septum, which would otherwise be protected by the thick layers of
peptidoglycan, and may account for the increased activity ob-
served with this combination.

Cell wall thickening has been associated with increases in VAN
and DAP MICs, so it is unclear why DAP-plus-CPT-exposed cells
developed thicker cell walls. An in vitro evaluation of DAP in com-
bination with OXA noted that this regimen prevented the emer-
gence of DAP resistance with prolonged exposure but resulted in
significantly thicker cell walls than DAP alone (38). This effect of

FIG 4 Cell wall thickness; comparisons relative to baseline (D712). **, P �
0.001; *, P � 0.02.

TABLE 2 Mutational differences between daptomycin-susceptible
hVISA D592 and daptomycin nonsusceptible VISA D712

Position based
on MRSA
Mu50 genome

D592¡D712

Gene
Base
pair Amino acid

1440962 T¡C L¡S nonsynonymous SAV1360 fmtC (mprF)
1608916 A¡G I¡I synonymous SAV1491 respiratory

response protein
1960627 G¡A Noncoding NAb

2448257a C¡A D¡E nonsynonymous SAV2324 transcriptional
regulator

2592882 G¡A A¡V nonsynonymous SAV2455 endo-1,4-
beta-glucanase

a Reference strain Mu50 has an A at position 2448257, not a C, indicating a mutation in
D592.
b NA, not applicable.
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thickened cell walls but enhanced DAP susceptibility in the pres-
ence of antistaphylococcal beta-lactam antibiotics is similar to our
current findings with CPT. However, recent studies have found
that DAP nonsusceptibility is not always linked to cell wall thick-
ness but may be related to other physiologic changes in the cell
envelope (39). Cell membrane fluidity, one of the identified
changes in DAP-resistant strains, is reduced in response to cell
wall-degrading compounds (40). It is of further interest that if cell
membrane fluidity is altered in the presence of CPT, it may lead to
the enhanced binding and activity of DAP identified in this study.
These findings, along with prior reports of increased CWT after
exposure to beta lactams, DAP, or DAP plus beta-lactam, suggest
that CWT per se may not be functionally relevant in mediating
reduced susceptibility to DAP in VISA (32). Additional research is
warranted to determine the relevance of cell wall thickening in the
setting of this combination.

A potential limitation of this study is related to the lack of
bactericidal activity of DAP against the susceptible strain D592.
This experiment was repeated in duplicate multiple times to
confirm these results. The strain consistently showed a delayed
response to DAP and regrew after 32 h but did not develop
nonsusceptibility. In similar in vitro models, DAP consistently
demonstrates rapid bactericidal activity against susceptible strains
of staphylococci. While the combination regimens were bacteri-
cidal against this strain, due to the potent anti-staphylococcal ac-
tivity of high-dose DAP against most susceptible strains, the mag-
nitude of synergy with this combination may be smaller against
other DAP-susceptible strains.

Conclusion. As DAP and VAN nonsusceptibility becomes

more common in S. aureus, clinicians are left with fewer safe and
effective treatment options for severe infections. The results of this
study show that CPT given in conjunction with DAP is a potent
combination against both DNS VISA and DAP-susceptible
strains, resulting in rapid and sustained bactericidal activity. This
combination is a promising option for the management of serious
infections caused by MRSA with reduced susceptibility to VAN
and DAP.
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