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ABSTRACT Glycopeptides such as vancomycin have been used as the first-line
therapy against MRSA infections for over half a century. Reduced susceptibility and
emergence of resistance to first-generation glycopeptides has led to development of
second-generation lipoglycopeptide derivatives such as dalbavancin which hold
broader ranges of activity and enhanced pharmacokinetic properties. We evaluated
the MIC values for a total of 100 isolates, including 25 methicillin-resistant Staphylo-
coccus aureus (MRSA), 25 heterogeneus vancomycin-intermediate S. aureus, 25 dap-
tomycin nonsusceptible (DNS), and 25 vancomycin-intermediate S. aureus strains
against dalbavancin, ceftaroline, and vancomycin alone and in combination. Dalba-
vancin was highly active against hVISA, DNS, and MRSA strains, achieving 96 to
100% susceptibility and 72% susceptibility against VISA strains. The combination of
dalbavancin plus ceftaroline reduced dalbavancin MICs 62.5-fold and demonstrated
enhanced killing against all four phenotypes in pharmacokinetic/pharmacodynamic
models. Four strains of the aforementioned phenotypes were randomly chosen for
pharmacodynamic/pharmacokinetic simulation models. Of interest, while both dalba-
vancin and vancomycin in combination with ceftaroline demonstrated significant im-
provement in glycopeptide fAUC/MIC values against these four phenotypes, the
dalbavancin-ceftaroline combinations exhibited a 44- to 11,270-fold higher fAUC/MIC
value in comparison to vancomycin-ceftaroline combinations. In addition, the time
to detection limit was reduced for this combination (24 to 32 h) versus the
vancomycin-ceftaroline combination (24 to 72h). To our knowledge, this is the first
comprehensive study of dalbavancin and vancomycin combinations with ceftaroline.
These data provide a novel approach for combating recalcitrant MRSA infections.
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Glycopeptide antibiotics, including vancomycin (VAN) and teicoplanin are large rigid
molecules that inhibit a late stage in bacterial cell wall peptidoglycan synthesis

(1–4). Principally, VAN, has been the first line therapy against methicillin-resistant
Staphylococcus aureus (MRSA). However, S. aureus strains have now developed reduced
susceptibility to common glycopeptides (5, 6). Low-level VAN resistance is an emerging
problem in hospital settings, and it is associated with both VAN-intermediate S. aureus
(VISA; VAN MIC, 4 to 8 �g/ml) and heterogeneous VAN-intermediate S. aureus (these
pre-VISA strains have MIC values in the susceptible range of �2 �g/ml, but they contain
resistant subpopulations) (7, 8). In addition, antibiotics developed to overcome glyco-
peptide resistance such as daptomycin and linezolid have also been associated with the
emergence of multidrug resistance (MDR) strains which harbor daptomycin nonsus-
ceptible (DNS) or linezolid-resistant S. aureus (LRSA) related mutations (9–13).

Increased emergence of resistance has led to the discovery and clinical improve-
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ment of second generation semisynthetic lipoglycopeptides, such as dalbavancin
(DAL). DAL has increased antibacterial activity against Gram-positive pathogens, in-
cluding MRSA, and improved pharmacokinetic properties compared to VAN (3, 14).
Unlike VAN, DAL’s disposition is minimally affected by renal function (14, 15). Despite
high protein binding, DAL has favorable tissue penetration (8, 16, 17). Furthermore, the
long lipophilic lateral chain in DAL’s structure (VAN lacks this side chain) extends its
half-life, promotes its anchoring to the cell membrane and improves the drug’s affinity
for the D-alanyl-D-alanine subgroup, which leads to enhancement of its antibacterial
activity (18). The half-life of DAL is 147 to 258 h, which facilitates a single-dose or
two-dose administration for the treatment of acute bacterial skin and skin structure
infections. This simple dosing strategy is an alternative to more resource demanding
intravenously administered antibiotics used to treat serious infections in the hospital
and community setting (3, 9, 14, 15).

Lipoglycopeptides such as DAL exhibit concentration-dependent activity and, ac-
cording to previous research, the AUC/MIC is the best parameter for describing their
activity (3, 14), where hydrophobic side chains of lipoglycopeptides bound to the
cytoplasmic membranes of Gram-positive microorganisms (19–21). Dalbavancin was
proven to be noninferior to vancomycin, followed by linezolid in acute bacterial skin
and skin structure infections in the pivotal DISCOVER1 and DISCOVER2 trials (22, 23).
Patients with catheter-related bloodstream infection had higher overall success rates
when treated with dalbavancin once weekly in comparison to vancomycin (24).

While a considerable amount of data are available on susceptibility testing for this
agent, information regarding the potential for an enhanced CFU/ml reduction in
combination with �-lactams is lacking. It has been previously demonstrated that
combination of VAN with various �-lactams, including ceftaroline (CPT), are synergistic
against MRSA (25). The use of CPT in combination with glycopeptides is of particular
interest since CPT also has activity against MRSA (26–28). Our objective was to evaluate
the impact of DAL or VAN in combination CPT against MRSA strains with various VAN
phenotypes via susceptibility testing and in a one-compartment pharmacokinetic/
pharmacodynamic (PK/PD) model.

RESULTS
Susceptibility testing. In order to evaluate the activity of DAL, VAN and CPT against

MRSA, including MDR strains, we selected clinical strains of MRSA that had various
susceptibilities to VAN and DAP. To determine the impact of CPT on DAL and VAN
susceptibility, we evaluated the MIC to DAL and VAN in the presence of CPT. Since CPT
is active against MRSA, we selected a fixed subinhibitory concentration of 0.5 � CPT
MIC. Susceptibility testing results are shown in Table 1. Of the strains tested, 100% of
MRSA, 72% of VISA, 96% of hVISA, and 100% of DNS strains were susceptible to DAL.
Four strains representing MRSA and various susceptibilities to VAN and daptomycin
were selected from this group to evaluate in the in vitro PK//PD models. The MIC values
for the four strains used in an in vitro PK/PD models are listed in Table 2. Combination
DAL-CPT resulted in the greatest reduction of MIC values compared to all other
treatments (DAL, CPT, VAN, or VAN-CPT). When we compared DAL, CPT, and VAN alone
to VAN-CPT or DAL-CPT combinations, a significant difference (P � 0.02) in MIC values
was observed when different treatment groups were tested by analysis of variance

TABLE 1 Summary of MIC values in 25 MRSA, 25 VISA, 25 hVISA, and 25 DNS strains (n � 100 strains)a

Antibiotic(s)
Breakpoint
(�g/ml)

MIC range (�g/ml) MIC50 (�g/ml) % susceptible

MRSA VISA hVISA DNS MRSA VISA hVISA DNS MRSA VISA hVISA DNS

DAL 0.25 0.016–0.25 �0.008–1 0.0313–0.5 0.0156–0.25 0.0625 0.125 0.125 0.0625 100 72 96 100
VAN 2 0.5–2 4 0.5–2 1–4 1 4 1 1 100 0 100 96
CPT 1 0.25–2 0.25–2 0.25–2 0.25–1 0.5 0.5 1 1 96 96 96 100
DAL-CPT NA 0.002–0.0156 �0.002–0.5 �0.002–0.125 �0.002–0.0625 �0.002 0.002 0.002 0.002 NA NA NA NA
VAN-CPT NA 0.0625–0.5 0.0625–2 0.0625–0.5 0.0625–2 0.125 0.25 0.25 0.5 NA NA NA NA
aNA, not applicable.
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(ANOVA; related variables). Tukey’s post hoc analysis showed that the combination of
DAL-CPT was significantly (P � 0.05) different from all other treatments.

Pharmacokinetics. In order to simulate the antibiotic exposures obtained by the
various treatment regimens, we humanized the concentrations of DAL, VAN, and CPT
and their combinations in the PK/PD in vitro model. The achieved versus targeted
pharmacokinetic parameters for all three single regimens in the in vitro models are
shown in Table 3. The average time above the MIC was 100% of the dosing interval for
all regimens.

DAL was administered as a continuous infusion to simulate its extremely long
elimination half-life (147 to 258 h) in the one-compartment PK/PD model (14). In the
DAL-CPT models, we achieved the targeted DAL concentrations in the presence of
ceftaroline. In the VAN-CPT model, the f AUC0 –24h and Cmax were within �2.1% for the
f AUC and �3.7% for the f Cmax of the monotherapy models.

Pharmacodynamics. To determine the impact of monotherapy and combination
therapy on strains with various VAN and DAP susceptibility phenotypes, we evaluated
DAL, VAN, and CPT and their combination regimens over 7 days in the in vitro PK/PD
model. The combination DAL-CPT significantly reduced the bacterial burden �5
log10CFU/ml from initial inoculum and reached detection limits in 24 to 32 h, while the
combination VAN-CPT required 24 to 72 h to achieve the same reduction in bacterial
burden (Fig. 1 to 4). While DAL, VAN, and CPT were bactericidal within the first 72 h,
treatment with CPT or VAN alone did not achieve kill to the model detection limits
within this timeframe and was associated with significant regrowth without resistance.
Mean log10CFU/ml for DAL models reached detection limits in 72 to 96 h, with no
regrowth detected after this time. VAN exposure resulted in a temporary CFU reduction
at 24 of 32 h except for VISA strain 8015 (no activity was observed for the VAN model
versus 8015), which was followed by regrowth for all PK/PD models. Figure 5 displays
a comparison (in time-to-detection limits) between the three different treatment
regimens where DAL, DAL-CPT, or VAN-CPT resulted in kill-to-detection limits with no
further regrowth. While regrowth was observed in the monotherapy regimens (e.g.,
VAN versus 8015), we did not detect any emergence of increased resistance. The
fAUC/MIC values are demonstrated in Table 4.

Combination of DAL-CPT demonstrated 43.88- to 11,269.97-fold higher fAUC/MIC
values in comparison to the VAN-CPT combination. While combination of DAL-CPT
demonstrated a 1.99- to 256.41-fold enhancement in fAUC/MIC values in comparison to
DAL alone, VAN-CPT had a 2- to 4-fold improvement in fAUC/MIC values compared to
VAN alone.

TABLE 2 MIC values for the four strains used in PK/PD models using microbroth dilution
method

Treatment

MIC (�g/ml)

494 (MRSA) D712 (DNS-VISA) MU3 (hVISA) 8015 (VISA)

VAN 1 4 2 4
DAL 0.0625 0.125 0.0625 0.125
CPT 1 1 1 2
VAN-CPTa 0.25 1 1 1
DAL-CPTb 0.0313 �0.0039 0.0313 �0.0313
aMIC for VAN in presence of CPT.
bMIC for DAL in presence of CPT.

TABLE 3 Achieved versus targeted pharmacokinetic parameters in one-compartment
models

Parameter

Mean � SD of achieved pharmacokinetic parameters (targeted value)

VAN DAL CPT

fCmax (�g/ml) 36.71 � 0.43 (36.00) 31.72 � 0.56 (30.10) 17.33 � 0.22 (17.04)
t1/2 (h) 5.97 � 0.05 (6.00) 187.06 � 0.19 (187.40) 2.64 � 0.01 (2.66)
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DISCUSSION

This study evaluated the activity of DAL, VAN, and their combination with CPT
against difficult-to-treat antibiotic-resistant phenotypes of MRSA. The combinations
DAL-CPT and VAN-CPT offer encouraging results in the PK/PD models simulating
humanized dosing, as well as the potential for reduced DAL and VAN MIC values in the
four selected phenotypes of S. aureus. Most of the selected strains had elevated VAN
MICs while they were susceptible to DAL alone and demonstrated reduced DAL MIC
values in combination with CPT. Our results demonstrated that DAL is highly active
against MRSA, DNS, and hVISA and has slightly reduced activity against VISA strains,

FIG 1 Comparison between dalbavancin combination with ceftaroline versus vancomycin ceftaroline combination against 494.

FIG 2 Comparison between dalbavancin combination with ceftaroline versus vancomycin ceftaroline combination against D712.
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which is in line with previous literature reporting on DAL activity against these
phenotypes (14). The mechanism of glycopeptide resistance in Staphylococcus is not
fully understood. However, reduced susceptibility has been linked to increased cell wall
thickness and reduced cross linking which is accompanied by amplified production/
activity of the penicillin-binding proteins (PBPs) (5, 8, 29). In addition, altered pepti-
doglycan composition demonstrates the potential for existence of factors other than
PBP2a, which can lead to methicillin resistance (8, 29–31). We have previously demon-
strated that the thickened cell wall of VISA is reduced in the presence of as little as 1
�g/ml of CPT, which may improve the activity of vancomycin against these strains (27).

FIG 3 Comparison between dalbavancin combination with ceftaroline versus vancomycin ceftaroline combination against MU3.

FIG 4 Comparison between dalbavancin combination with ceftaroline versus vancomycin ceftaroline combination against 8015.
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Since the mechanism of action of DAL bears similarities to the mechanism of action
of VAN, the so-called “seesaw effect” hypothesis, where �-lactam activity is improved in
the presence of glycopeptides or lipopeptides, may partially explain the enhanced
activity of DAL-CPT combinations and VAN-CPT combinations (28, 32–35). Although the
mechanism for the seesaw effect is not fully understood, it has been demonstrated that
the �-lactams that specifically target PBP1 and/or PBP2 which localizes in the septum
of S. aureus are more likely to demonstrate this effect (33, 36, 37). Although there have
been no reports on a direct relationship between the extent of expressed PBP2a protein
and �-lactam MIC (38), researchers have shown elevated CPT affinity (up to 256-fold
higher affinity than other tested �-lactams) toward PBP2, especially PBP2a in MRSA
strains (39). Thus, the MRSA activity of CPT makes it an ideal candidate to take
advantage of the seesaw effect when combined with glycopeptides and lipopeptide
antibiotics.

This study had some limitations, including the limited representative strains that
were used in the PK/PD model simulations. Regrowth without resistance was observed
for monotherapy regimens of CPT and VAN. It is possible that there may have been
some shift in population susceptibility that did not result in a meaningful change in the
MIC. However, population analysis of these samples was not performed. In addition, we
did not evaluate the ability to deescalate therapy from combination to monotherapy
DAL or VAN. We have previously demonstrated using DAP combinations with either
CPT or trimethoprim-sulfamethoxazole that it may be possible to deescalate after a few
days of combination therapy once the inoculum is low enough without significant
regrowth or the emergence of resistance (40–42).

In order to evaluate the impact of the presence CPT on DAL and VAN susceptibility,
we tested the susceptibility of the MRSA strains to DAL and VAN in the presence of CPT
at a fixed subinhibitory concentration of 0.5� the MIC. While the presence of CPT
reduced the MIC of DAL and VAN considerably and therefore improved the DAL and
VAN fAUC/MIC ratios, it is difficult to say whether this was responsible for the enhanced

FIG 5 Comparison of time-to-detection limit versus different antibiotic treatments and different MRSA
phenotypes.

TABLE 4 AUC/MIC values for different treatments versus each strain

Strain

fAUC/MIC

VAN DAL CPT VAN-CPTa DAL-CPTb

494 314 27,396 66 1,257 55,141
D712 79 13,807 66 314 3,540,349
MU3 157 27,615 66 314 55,141
8015 79 13,807 33 314 �55,141
aVAN MIC in presence of CPT.
bDAL MIC in presence of CPT.
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activity of the combination therapy using humanized antibiotic PK in the one-
compartment PK/PD model. Our research has demonstrated that the combination of
DAL-CPT and VAN-CPT has improved activity against S. aureus strains with various
susceptibilities to VAN and DAP. Further research exploring these combinations is
warranted in difficult-to-treat MRSA infections.

MATERIALS AND METHODS
Bacterial strains. Various MRSA VAN phenotypes (total of 100 strains), including MRSA (n � 25),

hVISA (n � 25), VISA (n � 25), and DNS (n � 25) strains, from the Anti-Infective Research Laboratory (ARL)
library were used for susceptibility testing, and one strain of each MRSA phenotype (MRSA 494, VISA-DNS
D712, hVISA MU3, VISA 8015) was randomly selected for evaluation in a one-compartment PK/PD model.
All hVISA strains were verified by the gold standard, modified population analysis profile (PAP) (43).

Antimicrobials and media. DAL and CPT were provided by their manufacturers (Allergan, Parsip-
pany, NJ, and Actavis, Parsippany, NJ). VAN, was commercially obtained from Sigma Chemical Company
(St. Louis, MO). In vitro experiments were performed in Mueller-Hinton broth (MHB; Difco, Detroit, MI)
supplemented with 25 mg/liter calcium and 12.5 mg/liter magnesium. According to recent CLSI guide-
lines (44), MHB was supplemented with 0.002% polysorbate 80 (Tween; Sigma) for DAL studies due to
the propensity of DAL binding to plastic present within in vitro testing modalities. Brain heart infusion
agar (Difco Laboratories, San Jose, CA) supplemented with VAN (1 mg/liter) was used to subculture VISA
strains in order to maintain this phenotype.

Susceptibility testing. MIC values of DAL, VAN, and CPT were determined in duplicate by broth
microdilution at approximately 106 CFU/ml according to CLSI guidelines (44). In addition, DAL and VAN
MICs were performed in combination with CPT. MICs were determined on 25 MRSA, 25 hVISA, 25 VISA,
and 25 DNS strains. All MIC values were determined in duplicate. DAL MIC values were determined in the
presence of 0.002% polysorbate 80, as described above. For combination MIC testing, DAL MIC was
determined in the presence of the second antimicrobial (CPT) at 0.5� the MIC of the respective
organisms. The same procedure applied to combinations of VAN and CPT. All samples were incubated
at 35°C for 18 to 24 h before reading according to CLSI guidelines (44).

In vitro PK/PD model. Four representative strain phenotypes of MRSA, VISA, hVISA, and DNS were
chosen for evaluation in a one-compartment, in vitro PK/PD model. A PK/PD model with a 250-ml
capacity and input and output ports was used. The apparatus was prefilled with media, and DAL (1,500
mg, single dose), VAN (2 g, every 12 h), and CPT (600 mg, every 12 h) were administered as boluses over
a time period of 168 h. A starting inoculum of 107 CFU/ml was targeted for each experiment by injecting
a 1-ml portion of freshly prepared and appropriately diluted overnight suspension into each model. Fresh
medium was continuously supplied and removed from the compartment, along with the drug, via a
peristaltic pump (Masterflex; Cole-Palmer Instrument Company, Chicago, IL) at an appropriate rate to
target the average human half-lives of DAL, CPT, and VAN. Drug exposures targeted free drug concentrations.
Owing to the possible binding of DAL to model structures, the medium was supplemented with 0.002%
polysorbate 80 according to CLSI guidelines (44). For combination models, the model clearance was set for
the antibiotic with the shortest half-life, and the antibiotic with the longer half-life was supplemented (45).
DAL was supplied as a continuous infusion. A total of six regimens were evaluated on each isolate over a 7-day
treatment period. The free antibiotic concentrations for model experiments were determined from the
estimated protein binding of 93% for DAL, 50% for VAN, and 20% CPT (46–49). Table 3 depicts a summary
of targeted half-lives and peak concentrations for each antibiotic (14, 46, 50–53).

Pharmacodynamic analysis. Samples were collected in duplicate from each model at 0, 4, 8, 24, 32,
48, 72, 96, 120, 144, and 168 h. In order to eliminate antibiotic carryover for DAL samples we have
experimented various strategies, such as the addition of microbeads, charcoal, or albumin. Consequently,
we have demonstrated that centrifuging the samples for a minimum of two times is necessary to
eliminate drug carryover for samples containing DAL. Samples were centrifuged, 0.9 ml of supernatant
was withdrawn after each centrifugation, and 0.9 ml of normal saline (0.9% sodium chloride) was added
to the remaining palate. The final sample was vortexed and serially diluted in normal saline. Bacterial
counts were determined by spiral plating appropriate dilutions using an automatic spiral plater (easyS-
piral; Interscience, Woburn, MA) (54). We have previously determined these methods to have a lower
limit of reliable detection of 100 CFU/ml. Bactericidal activity was defined as �3-log decrease in CFU/ml
from the baseline, whereas bacteriostatic activity was outlined as a �2-log decrease in CFU/ml from the
baseline. SigmaPlot (v10) was used for the graphs in Fig. 1 to 4.

Pharmacokinetic analysis. Pharmacokinetic samples were obtained in duplicate (quadruplicate for
DAL) through the injection port of each model at 0, 2, 4, 8, 24, 48, 72, 96, 120, 144, and 168 h for
verification of target antibiotic concentrations and half-life determination. All samples were stored at
– 80°C until ready for analysis. Samples for experiments involving DAL were shipped to the manufac-
turer’s analytical source (Keystone Bioanalytical, North Wales, PA) for analysis by high-pressure liquid
chromatography (HPLC). The HPLC assay demonstrated coefficient of variation between 1.32 and 5.21%
for all DAL standards (standards were performed in quadruplicate).

VAN samples were analyzed using our developed HPLC method. The HPLC assay demonstrated
coefficient of variation between 0.29 and 1.68% for all VAN standards (standards were performed in
duplicate).

All CPT concentrations were determined by bioassay procedures as previously described using E. coli
ATCC 25922 as the test organism (28, 41). The bioassay demonstrated coefficient of variation between
1.17 and 7.06% for all CPT standards (standards were performed in duplicate).
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The half-life, area under the curve (AUC), and peak concentrations were determined using PK Analyst
Software (v1.10; MicroMath Scientific Software, Salt Lake City, UT) using the trapezoidal method to
calculate the f AUC.

Resistance. Emergence of resistance was evaluated at the end of the models by plating 100-�l
samples from the model on plates supplemented with DAL, CPT, or VAN at concentrations of 3� the
respective MICs. Plates were examined for growth after 48 h of incubation at 35°C. Resistant colonies
growing on screening plates were evaluated by broth microdilution method to determine the MIC. If
resistance was detected at the end of the model, additional screening was performed to identify the first
occurrence of resistance.

Statistical analysis. Statistical analysis of MIC values was done using randomized block two-factor
ANOVA for related variables (different strains versus antibiotic treatments), and Tukey’s post-hoc analysis
was used to define which means were different.
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