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Using the rabbit endocarditis model, we compared the activity of a new broad-spectrum cephalosporin,
ceftaroline, with those of linezolid and vancomycin against methicillin-resistant Staphylococcus aureus. After a
4-day treatment, ceftaroline exhibited superior bactericidal in vivo activity against resistant S. aureus strains
and appeared to be the most effective drug against a heterogeneous glycopeptide-intermediate S. aureus strain.

Ceftaroline is a novel broad-spectrum cephalosporin with
potent activity against methicillin-resistant Staphylococcus au-
reus (MRSA) strains due to its strong affinity for S. aureus
penicillin-binding proteins (PBPs), including PBP 2A, the ad-
ditional protein responsible for the methicillin resistance
mechanism (6, 15). Ceftaroline acetate (PPI-0903) is an N-
phosphono water-soluble prodrug rapidly metabolized in vivo
into the bioactive metabolite ceftaroline (PPI-0903 M). No
study has been performed by using a challenging rabbit infec-
tion model of experimental endocarditis, which has proved to
be highly valuable in evaluating the in vivo effectiveness of
antibiotics. The aim of the present study was to evaluate the in
vivo activity of ceftaroline compared with those of other anti-
staphylococcal drugs by using a rabbit model of aortic valve
endocarditis with doses projected to be therapeutic for hu-
mans.

We studied two MRSA strains isolated from blood cultures.
The MRSA strain (originally designated SA-2) was a strain
with heterogeneous high-level methicillin resistance (methicil-
lin MIC = 128 mg/liter) (7), and the heterogeneous glycopep-
tide-intermediate S. aureus strain (hGISA) exhibited homoge-
neous resistance to methicillin (methicillin MIC > 1,024 mg/
liter) and heterogeneous resistance to glycopeptides (8). The
MICs were determined in cation-supplemented Mueller-Hin-
ton broth by the microdilution technique (1, 11). Bactericidal
activity was assessed on the basis of the determination of min-
imal bactericidal concentrations (MBCs) by the microdilution
method and on the basis of the results of time-kill experiments
with an inoculum of 5 X 10° CFU/ml (12).

High-performance liquid chromatography was used to de-
termine the concentrations of linezolid (13) (lower detection
limit, 0.1 mg/liter; coefficient of variation, <10%). Assays with
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vancomycin were performed by an immunoenzymatic method
with a COBAS MIRA unit and EMIT reagents (Behring Di-
agnostics Inc., Cupertino, CA) (detection threshold, 2.5 mg/
liter; coefficient of variation, 4.1 to 6.9%). Active ceftaroline
concentrations were determined by a microbiologic assay with
Bacillus subtilis as the test organism and antibiotic medium 2
(Difco Laboratories, Detroit, MI) as the diffusion medium
(lower detection limit, 0.25 mg/liter; intraday and interday vari-
ations, <10%). Simulation of the pharmacokinetics of lin-
ezolid was performed as validated previously (7). For ceftaro-
line, blood samples were taken from six healthy rabbits after
administration of a ceftaroline acetate bolus of 10 and 30
mg/kg of body weight in order to determine the spontaneous
drug kinetics. The simulation was intended to provide appar-
ent values of pharmacokinetic parameters close to those ob-
served in healthy volunteers after a 1-h infusion of a 600-mg
dose (ca. 10 mg/kg) of ceftaroline acetate: mean half-life (¢,,,),
1.57 to 2.63 h; peak concentration (C,,,,), 18.96 to 21.02 mg/
liter; and area under the curve (AUC), 56.08 mg - h/liter (Cer-
exa, Inc., unpublished data). A total dose of 58 mg/kg needed
to be infused into the rabbit over a 12-h period in order to
simulate the kinetics in human serum after the administration
of a 10-mg/kg dose (i.e., 600 mg twice daily).

For each MRSA strain, the animals were randomly assigned
to either no treatment (controls), ceftaroline regimen mimick-
ing the human dose of 10 mg/kg every 12 h (q12h) (600 mg
ql2h), a linezolid regimen mimicking the human dose of 10
mg/kg q12h (600 mg q12h), and vancomycin administered by a
constant intravenous infusion in order to reach a steady-state
20X MIC in serum (18).

Experimental endocarditis was induced with an inoculum of
10® CFU of S. aureus (5, 14) and was approved by The Com-
mittee of Animal Ethics of the University of Nantes. Treat-
ment was started 24 h after inoculation for a 4-day regimen.
Aortic valve vegetations were excised, weighed, and then ho-
mogenized in 0.5 ml of saline buffer and used for quantitative
cultures on agar for 24 h at 37°C. Dilutions at 10™*, 1072, and
10~ * were prepared to eliminate potential carryover effects. To
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FIG. 1. Killing curves for ceftaroline, linezolid, and vancomycin at
8X MIC against MRSA and hGISA strains. The results obtained with
the control (circles), ceftaroline (triangles), linezolid (diamonds), and
vancomycin (squares) are shown.

evaluate whether ceftaroline treatment could induce the selec-
tion of variants resistant in vivo, undiluted vegetation homog-
enates were spread on agar plates containing the active form of
ceftaroline at a concentration corresponding to fourfold the
MIC. Bacterial counts were determined after 48 h of incuba-
tion at 37°C.

Statistical analyses were performed with GraphPad Prism
software (version 4.0; GraphPad Software, San Diego, CA).
For each strain studied, analysis of variance was used to com-
pare the effects between the different groups, followed by a
Bonferroni’s test to compare the treated groups two by two. A
P value of =0.05 was considered significant.

The MICs and MBCs for the MRSA and hGISA strains
were 1 and 1 mg/liter and 2 and 2 mg/liter, respectively, for
ceftaroline; 1 and 2 mg/liter and 4 and 8 mg/liter, respectively,
for vancomycin; and 2 and >64 mg/liter and 1 and 16 mg/liter,
respectively, for linezolid. The MICs of vancomycin and teico-
planin were increased for the hGISA strain (4 and 12 mg/liter,
respectively). The results of the time-kill curve studies are
shown in Fig. 1.

The corresponding C,,,.,, AUC, and ¢, ,, values were 21.9 =

max’

ANTIMICROB. AGENTS CHEMOTHER.

Plasma concentrations of ceftaroline

0 T T

0 2 4 6 8 10 12
Time (h)

FIG. 2. Experimental pharmacokinetics of ceftaroline in animal
plasma after administration of a dose simulating a 600-mg dose in
humans (@) and the corresponding human pharmacokinetics (A). Er-
ror bars represent standard deviations.

3.0 mg/liter, 71.2 mg - h/liter, and 2.4 h, respectively (Fig. 2).
For linezolid, the corresponding mean C,,,, AUC, and ¢,,,
values were 11.9 £ 1.1 mg/liter, 76.3 mg - h/liter, and 2.7 h,
respectively, at the first dose and 19.6 = 1.1 mg/liter, 136.9
mg - b/liter, and 3.3 h, at day 4. The steady-state concentration
of vancomycin confirmed that the target concentration (23.1 *
8.3 mg/liter) was achieved.

The in vivo outcome after a 4-day treatment regimen and the
rate of sterilization of the vegetations produced by both strains
are shown in Table 1. Linezolid showed only moderate activity
and failed to exhibit bactericidal activity against both MRSA
strains. Vancomycin displayed bactericidal activity against the
MRSA strain but only bacteriostatic activity against the hGISA
strain, as was observed previously in the same experimental
model (3). Ceftaroline demonstrated excellent bactericidal ac-
tivity against both S. aureus strains, with at least a 6-log,,
CFU/g decrease in growth compared with the growth of the
controls. Ceftaroline demonstrated superior efficacy compared
with those of linezolid and vancomycin against the hGISA
strain tested. Agar plates containing ceftaroline at four times
the MIC showed no S. aureus colony after 48 h of incubation
at 37°C.

Staphylococcus aureus is able to accumulate mechanisms of
resistance to all clinically available compounds, including

TABLE 1. Bacterial titers in vegetations after 4 days of treatment

Mean = SD log,, CFU/g of vegetation (no. of sterile
vegetations”/total no. of vegetations) (%)

Regimen
MRSA hGISA

Control 8.9 = 0.5 (0/6) (0) 9.4 = 0.3 (0/6) (0)
Ceftaroline 2.5 % 0.3 (9/10) (90)>< 3.0 = 0.9 (6/10) (60)>*

(10 mg/kg q12h)©
Linezolid 7.1+ 0.6 (0/7) (0) 6.9 = 0.4 (0/8) (0)°

(10 mg/kg q12h)©
Vancomycin 2.7 = 0.8 (4/6) (67)>< 6.7 = 0.4 (0/5) (0)°

“We considered a vegetation to be sterile if the cultures yielded no growth
after 48 h of incubation at 37°C.

> P < 0.001 versus the results for the controls.

¢ P < 0.001 versus the results for the linezolid.

4 P < 0.001 versus the results for the linezolid and vancomycin; Bonferroni’s
test after analysis of variance.

¢ Simulated dose for humans.
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B-lactams, glycopeptides, and, more recently, oxazolidinones.
In the present circumstances, the search for new agents tar-
geting the cell wall and, more specifically, the PBPs is a prom-
ising approach (4, 10, 16, 17).

The in vitro study of ceftaroline and comparison of the
results with those obtained with the comparators confirmed the
excellent activity of this new drug against MRSA strains. Bac-
tericidal activity and time-dependent killing were observed at
24 h against both MRSA strains by using clinical achievable
concentrations. Regarding the hGISA strain, ceftaroline was
the only drug that showed a bactericidal effect, while vanco-
mycin and linezolid displayed bacteriostatic activity. These in
vitro data emphasize the potential of ceftaroline for the ther-
apy of infections caused by difficult-to-treat bacteria. More-
over, ceftaroline demonstrated activity against gram-negative
bacteria similar to those of the expanded-spectrum cephalo-
sporins against members of the family Enterobacteriaceae (e.g.,
Citrobacter freundii, Escherichia coli, Klebsiella pneumoniae,
and Morganella morganii), Haemophilus influenzae, Moraxella
catarrhalis, and Neisseria meningiditis; but expanded-spectrum
B-lactamase-producing strains and Pseudomonas aeruginosa
showed decreased susceptibilities to ceftaroline (MIC,,, >32
mg/liter) (15).

By using the rabbit model of infective endocarditis, ceftaro-
line acetate exhibited a highly bactericidal effect and showed
homogeneous activity against both MRSA strains. While the
comparators displayed only bacteriostatic activity against the
hGISA strain, the use of ceftaroline resulted in a 6-log;,-
CFU/g decrease in growth compared to the growth of the
controls and confirmed the superiority of this drug observed in
vitro. Moreover, ceftaroline achieved sterilization of 90% and
60% of the vegetations infected by the MRSA or hGISA strain,
respectively, whereas vancomycin sterilized 67% and 0% of the
vegetations, respectively (Table 1). This new cephalosporin is
not influenced by reduced susceptibility to glycopeptides, as
would be expected from the mechanism of action of this anti-
biotic. These results are concordant with those obtained with
other animal models of infection, such as the systemic infection
model and the pneumonia model in mice (6). The in vivo
efficacy of ceftobiprole was demonstrated by using the same
experimental model against MRSA strains (4). Both studies
confirm that anti-MRSA cephalosporins are highly efficacious
in the rabbit endocarditis model and demonstrate the potential
of these drugs for use for the treatment of severe MRSA
infections.

Andes and Craig have intensively studied the pharmacody-
namic characteristics of ceftaroline using murine thigh and
lung infection models (2). The parameter consisting of the
percentage of time that the concentration remains above the
MIC (% T > MIC) was the pharmacokinetic-pharmacody-
namic index that best correlated with efficacy. Moreover, a T >
MIC of 33% to 45% achieved a reduction in the burden of
organisms from the start of therapy of 1 to 2 log,, CFU/thigh
for S. aureus strains. In our study, the 7 > MICs were about
62% and 75% for the hGISA strain and the MRSA strain,
respectively. These values were associated with highly bacteri-
cidal in vivo activity after a 4-day treatment.

A simulation was performed with ceftaroline in order to
mimic in animals as closely as possible the human pharmaco-
kinetics of a dose of 600 mg q12h. A pharmacokinetic equiv-
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alent between human and animals was necessary due to the
very short spontaneous t,,, of ceftaroline in the rabbit (<20
min). The target parameters were achieved (Fig. 2), and the
current study—with the excellent in vivo activity observed in
this MRSA severe infection model—validates the choice of a
ceftaroline regimen of 600 mg ql2h for therapy for serious
complicated skin and skin structure infections in humans.
Moreover, ceftaroline exhibited a low level of plasma protein
binding in humans (<20%), as in rabbits (<20%), and these
data improve the ability to extrapolate experimental in vivo
results to human therapy (9).

By using the rabbit endocarditis model, ceftaroline showed
highly bactericidal in vivo activity against MRSA and hGISA
strains after a 4-day treatment regimen with a simulated dos-
age equivalent to that used in humans. In comparison with
linezolid and vancomycin, ceftaroline was the most effective
treatment against the hGISA strain. This new cephalosporin
appears to be a promising and effective option for the treat-
ment of severe MRSA infections.
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