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Ceftaroline, the active metabolite of the prodrug ceftaroline fosamil, is a cephalosporin with broad-spectrum in vitro ac-
tivity against Gram-positive organisms, including methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resis-
tant Streptococcus pneumoniae (MDRSP), and common Gram-negative pathogens. This study investigated the in vivo activity of
ceftaroline fosamil compared with clindamycin, linezolid, and vancomycin in a severe pneumonia model due to MRSA-produc-
ing Panton-Valentine leukocidin (PVL). A USA300 PVL-positive clone was used to induce pneumonia in rabbits. Infected rabbits
were randomly assigned to no treatment or simulated human-equivalent dosing with ceftaroline fosamil, clindamycin, linezolid,
or vancomycin. Residual bacterial concentrations in the lungs and spleen were assessed after 48 h of treatment. PVL expression
was measured using a specific enzyme-linked immunosorbent assay (ELISA). Ceftaroline, clindamycin, and linezolid consider-
ably reduced mortality rates compared with the control, whereas vancomycin did not. Pulmonary and splenic bacterial titers and
PVL concentrations were greatly reduced by ceftaroline, clindamycin, and linezolid. Ceftaroline, clindamycin, and linezolid were
associated with reduced pulmonary tissue damage based on significantly lower macroscopic scores. Ceftaroline fosamil, clinda-
mycin, and, to a lesser extent, linezolid were efficient in reducing bacterial titers in both the lungs and spleen and decreasing
macroscopic scores and PVL production compared with the control.

Staphylococcus aureus is often a cause of complicated skin and
skin structure infections, bacteremia, pneumonia, and other

serious human infections (1). Community-acquired methicillin-
resistant S. aureus (CA-MRSA) emerged as a significant health
threat in the mid-1990s (1). Although CA-MRSA is the causative
pathogen in a relatively small percentage of patients with commu-
nity-acquired pneumonia (CAP), it manifests as a severe necrotiz-
ing pneumonia, is associated with high mortality if not suspected
early, and frequently occurs in younger patients with longer life
expectancies (2, 3). The USA300 clone is one of the most common
causes of CA-MRSA infections in the United States (1, 4–6).
USA300 has been associated with invasive disease, including se-
vere necrotizing pneumonia, bacteremia, endocarditis, and osteo-
myelitis, and its incidence has significantly increased in the United
States, from 12% in 2004 to 38% in 2006 (1, 7). The prevalence of
the USA300 clone and that of other CA-MRSA clones is also in-
creasing in Europe, with contrasting prevalences between studies
and countries (8, 9).

A large percentage of CA-MRSA harbors the Panton-Valentine
leukocidin (PVL) toxin genes (10). The PVL toxin is associated
with severe necrotizing infections, and necrotizing pneumonia
caused by PVL-producing S. aureus is associated with high mor-
tality rates (10, 11). Between 60% and 100% of MRSA strains in
the United States encode the PVL toxin, and the majority of these
strains are USA300 (6, 12).

Current guidelines from the Infectious Diseases Society of
America (IDSA) recommend the use of vancomycin, linezolid, or
clindamycin for treating CA-MRSA pneumonia (13). However,
resistance to CA-MRSA therapies, including clindamycin and tet-
racycline, has been seen with certain isolates (14). Newer antibi-

otics that are active against PVL-producing MRSA may thus be
appropriate for treating severe necrotizing pneumonia. Ceftaro-
line, the active metabolite of the prodrug ceftaroline fosamil, is a
cephalosporin with broad-spectrum in vitro bactericidal activity
against Gram-positive organisms, including MRSA and multi-
drug-resistant Streptococcus pneumoniae (MDRSP), and common
Gram-negative pathogens (15–18). Ceftaroline has demonstrated
bactericidal in vitro activity against resistant S. aureus, including
vancomycin-intermediate and -resistant and daptomycin-non-
susceptible isolates (19, 20). Ceftaroline fosamil is currently ap-
proved for use in the United States for community-acquired bac-
terial pneumonia (CABP) and acute bacterial skin and skin
structure infections (ABSSSI) (21). Ceftaroline fosamil also re-
ceived European Commission approval for CAP and complicated
skin and soft tissue infections (cSSTI) in August 2012 (22).

The rabbit is the preferred model for studying the role of PVL
in necrotizing pneumonia because PVL produces similar effects
on human and rabbit neutrophils (23). Furthermore, rabbits are
more susceptible to the cytotoxic effects of PVL than rodents (10,
24). The present study was designed to evaluate the in vivo efficacy
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of ceftaroline compared with vancomycin, linezolid, or clindamy-
cin in a rabbit model of severe PVL-positive CA-MRSA pneumo-
nia using simulated human-equivalent dosing.

(These data were presented in part at the 21st European Con-
gress of Clinical Microbiology and Infectious Diseases/27th Inter-
national Congress of Chemotherapy and Infection 2011, Milan,
Italy [poster P1502].)

MATERIALS AND METHODS
Animals. Immunocompetent male New Zealand rabbits (body weight,
2.8 to 3 kg) were used in the present study. The animals were placed in
individual cages and were fed ad libitum with water and feed, according to
the current recommendations of the European Institute of Health. The
experimental protocol was approved by the local ethics committee for
animal experimentation (protocol no. 0810; C2EA, Dijon, France).

Bacterial strains, growth conditions, and antibiotics. A USA300
PVL-positive clone was obtained from Frank DeLeo, National Institutes
of Health (Hamilton, MT, USA) (25). Bacteria were grown on casein
hydrolysate and yeast extract (CCY) (Becton, Dickinson, Le Pont de Claix,
France) as culture medium to optimize the PVL levels. Bacterial stocks
were kept at �80°C in brain heart infusion (BHI) broth (bioMérieux,
Marcy l’Etoile, France) supplemented with 15% (vol/vol) glycerol. Stock
cultures were replenished every month with isolates recovered from un-
treated infected rabbits to maintain virulence.

For in vitro studies, antibiotics were reconstituted according to the
manufacturer’s instructions. For in vivo rabbit studies, reconstitution
was modified to simulate human dosing. The commercial forms of
vancomycin (Mylan, Saint Priest, France) and clindamycin (Pfizer,
Paris, France) were reconstituted with sterile saline. For linezolid
(Pfizer, Paris, France), the commercial form was not concentrated
enough for simulated human dosing, and thus, the pure substance was
reconstituted in sterile saline. Ceftaroline fosamil (Forest Laborato-
ries, Inc., New York, NY, USA; lot FMD-CEF-030) was used to prepare
the dosage solution in 1.9% arginine according to the procedure pro-
vided by Cerexa, Inc. (Oakland, CA, USA).

The MICs of vancomycin, linezolid, clindamycin, and ceftaroline for
the studied USA300 isolate were 1, 1, 0.25, and 1 mg/liter, respectively.

Preparation of the inoculum. Before each animal experiment, the
staphylococcal strain from 1 frozen aliquot was cultured on agar plates
(Chapman, bioMérieux, Marcy l’Etoile, France) and incubated for 24
h at 37°C. Five colonies were inoculated into 9 ml of CCY and incu-
bated for 10 h at 37°C with agitation. Based on pilot experiments, a
final inoculum of 3 � 109 CFU/ml in 0.5 ml saline was selected to
induce persistent pneumonia and to enable detection of relatively large
quantities of PVL in the lungs. Viable bacterial counts were deter-
mined using optical density measurements in reference to a standard
curve and then confirmed by using successive dilution cultures and
plating on agar.

Experimental pneumonia model. Production of bacteremic pneu-
monia in immunocompetent rabbits and installation of double central
venous catheters were performed as previously described (26). Briefly,
bacterial pneumonia was induced by endobronchial challenge with 0.5
ml saline containing 3 � 109 CFU/ml of the test strain 24 h after
jugular catheterization. Animals were randomly assigned 5 h after bac-
terial challenge to the control group (no treatment) or an antibiotic
regimen.

Antibiotics were delivered through a central venous catheter with
changing infusion rates. A computer-controlled system delivered vanco-
mycin, linezolid, clindamycin, or ceftaroline fosamil to mimic the phar-
macokinetic (PK) parameters observed in healthy humans as follows: (i)
intravenous (i.v.) vancomycin dosed continuously to simulate a steady-
state concentration of 30 mg/liter, (ii) 600 mg linezolid given i.v. twice
daily, (iii) 600 mg clindamycin given i.v. 3 times daily, and (iv) 600 mg
ceftaroline fosamil given i.v. twice daily. Antibiotic treatment was contin-
ued for 48 h.

Antibiotic concentrations in serum. For each animal, antibiotic con-
centrations were determined from iterative blood samples obtained
through a second catheter approximately 8 to 10 times during the 48 h
(approximately 1.5 ml per sample; the total volume of blood samples
during the experiment was less than 10% of the total blood volume of the
animal). Samples were centrifuged for 10 min at 10,000 � g, and the
serum was removed. Ceftaroline concentrations were determined in trip-
licate by a disk plate bioassay method with antibiotic medium II (Difco
Laboratories, Detroit, MI, USA) and Bacillus subtilis as the indicator or-
ganism. The standards were prepared in 0.7% saline water, and the lin-
earity of the standard curves used for disk plate bioassays was at least 0.98
(coefficient of correlation [r2]). Vancomycin concentrations were deter-
mined by an immunofluorescence polarization method. Linezolid and
clindamycin concentrations were determined by high-performance liq-
uid chromatography (HPLC). The limits of detection were 0.25, 0.3, 0.03,
and 0.03 mg/liter for ceftaroline, vancomycin, linezolid, and clindamycin,
respectively. Protein binding of each antibiotic was determined by an
ultrafiltration method in rabbit plasma. After centrifugation through
10,000-molecular-weight-cutoff filters (Vivaspin 2 Hydrosart; Sartorius
Stedim, France), serum ultrafiltrates were analyzed for antibiotic deter-
mination. The amount of antibiotic able to pass through the filter repre-
sented the unbound portion of drug in plasma. The amount of adsorption
on the ultrafiltration membrane and the amount of the nonspecific bind-
ing were also evaluated.

Pharmacokinetic analyses. PK data were analyzed using Kinetica
software (Innaphase, Philadelphia, PA, USA). Compartmental and non-
compartmental approaches were used to describe the different PK param-
eters.

Evaluation of infection and PVL production. Five control rabbits
were culled at 5 h postinfection to assess the bacterial burden in the lungs
at the start of therapy. All untreated (control) rabbits died within the first
24 h and were included in the analysis. Treated rabbits that survived over
the experiment period were sacrificed 2 h after the end of the 48-hour
antibiotic infusion. The spleen and pulmonary lobes were weighed and
homogenized in 5 ml sterile saline (MiniMix; Intersciences, Saint Nom,
France). Bacteria were counted in a sample of this crude homogenate by
plating 10-fold dilutions on Chapman agar plates and incubating the
plates for 24 h at 37°C. The bacterial concentrations in each pulmonary
lobe and in the spleen were calculated after adjusting for the weight of the
lobe or spleen. The threshold value was 1 log10 CFU/g. For statistical
comparisons of the differences between the pulmonary bacterial densities,
culture-negative lobes were considered to contain 1 log10 CFU/g. For each
rabbit, the mean pulmonary bacterial concentration was calculated ac-
cording to each lobar bacterial concentration with lobar weight [e.g.,
mean concentration � �(lobar concentration � lobar weight)/�(lobar
weights)].

Macroscopic pulmonary injury scores were calculated according to a
macroscopic scoring grid, as described by Piroth and associates (27). The
total macroscopic score is the sum of the scores for individual pulmonary
lobes, with 2 points added for purulent pleural effusion (scoring grid: 0,
normal; 1, scar; 2, slight congestion; 3, red congestion; 4, gray congestion;
5, yellowish congestion).

The PVL concentration was also determined in the supernatants of
lung homogenates by using a specific solid-phase sandwich enzyme-
linked immunosorbent assay (ELISA) (28).

Evaluation of PVL mRNA expression in vitro. Cultures of S. aureus
LAC USA300 were performed in Mueller-Hinton (MH) broth supple-
mented with calcium (50 mg/liter) and magnesium (12.5 mg/liter) at 37°C
with gyratory shaking (300 rpm). At the late exponential growth phase (2
McFarland standard), one-quarter of the MIC of each antibiotic (oxacil-
lin, ceftaroline, clindamycin, linezolid, and vancomycin) was added to the
glass tubes. Cultures with or without antibiotics were incubated at 37°C
with shaking for 6 h.

Aliquots of 2 ml of each culture were centrifuged at 10,000 � g for
10 min, and the pellets were first washed with 0.5 ml of Tris buffer (10
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mM), centrifuged at 10,000 � g for 10 min, and then adjusted to an
optical density at 600 nm (OD600) of 0.75 in Tris buffer (10 mM). One
and a half milliliters of adjusted and washed bacterial suspension was
centrifuged at 10,000 � g for 10 min, and the pellets were treated with
lysostaphin (Sigma) at a final concentration of 200 mg/liter. The total
RNA of the pellets was then purified using a Qiagen RNeasy Plus Mini
Kit according to the manufacturer’s instructions. The amount of RNA
recovered was assessed with a NanoDrop spectrophotometer, and 1 �g
of total RNA was reverse transcribed using a Promega reverse tran-
scription (RT) system with random primers, as recommended by the
provider. The resulting cDNA was used as a template for real-time
amplification (LightCycler 2.0; Roche), using gyrB- and pvl-specific
primers (29). The amounts of pvl-specific amplicons were determined
by quantitative PCR (qPCR) relative to an internal standard (gyrB).
The expression levels of pvl genes were expressed as n-fold variations
of the pvl or gyrB copy number in the presence of antibiotics relative to
the pvl or gyrB copy number of the growth control. All qPCR data were
analyzed using the relative expression software tool REST 2009 version
2.0.13 (30).

Statistical analysis. Animals that received a bacterial inoculum be-
tween 1.6 � 109 CFU/ml and 6.3 � 109 CFU/ml were included in the
statistical analysis. Animals whose PK monitoring was not adequate (e.g.,
the catheter was occluded) were excluded. The maximal area under the
concentration-time curve from 0 to 24 h (AUC0-24) variation tolerated
was �20% around the expected values. For evaluation of antibacterial
efficacy, only rabbits that received at least a 30-hour treatment were in-
cluded in the statistical analysis.

Statistical analysis was performed with GraphPad Prism software.
Quantitative variables were compared using a Mann-Whitney U test or
analysis of variance and post hoc analysis using Bonferroni’s test.
Percentages were compared using Fisher’s exact test. Quantitative re-
lationships between antimicrobial efficacy and each of the PK/phar-
macodynamic (PD) parameters were determined using a maximum-
effect (Emax) model (Hill formula) with SigmaPlot software (version
9.0). Death rates were recorded daily, and the survival curves were
constructed using the Kaplan-Meier method and compared using the
log rank test. A P value of �0.05 was considered significant for all tests
performed.

RESULTS
Pharmacokinetic simulation of human-equivalent i.v. treat-
ments. Serum drug concentrations obtained after simulated hu-
man dosing in rabbits with vancomycin, linezolid, clindamycin,
and ceftaroline fosamil are shown in Fig. 1. The corresponding PK
parameters (maximum drug concentration in serum [Cmax], min-
imum drug concentration in serum [Cmin], drug concentration at
steady-state [CSS], and AUC0-24) are presented in Table 1. Human
and rabbit PK parameters were comparable in this study, with the
exception of the Cmin of clindamycin, which was higher in rabbits
than in humans.

Mortality rates. There were 74 rabbits used in this experiment;
8 rabbits were excluded because the inoculum or PK was inade-
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quate. Of the 66 remaining, 41 were included in the analyses,
which included the “early” control group (n � 6) and the animals
that survived longer than 30 h of treatment (n � 35) (Table 2).
Because of the rapid mortality (�30 h) in all or most of the control
(8/8) and vancomycin (9/12) treatment groups, an “early-death”
group was formed, which included rabbits that did not survive
beyond 30 h of treatment. The vancomycin early-death group was
studied separately in the statistical analysis because a high number
of vancomycin-treated rabbits died before 24 h. Survival rates af-
ter treatment with antibiotic regimens are shown in Fig. 2. Death
occurred within 12 to 15 h postinoculation for 100% of the un-
treated rabbits. Although vancomycin did not reduce the mortal-
ity rate, linezolid, clindamycin, and ceftaroline significantly re-
duced mortality compared with the control (P � 0.0001). Nine
out of 12 vancomycin-treated rabbits (75%) died within 24 h of
treatment.

Effects of antibiotics on reducing bacterial loads and in vivo
production of PVL using simulated human dosing in the rabbit
model of experimental PVL-positive CA-MRSA pneumonia. At
the start of therapy, mean pulmonary bacterial concentrations
were 7.3 � 0.5 (mean � standard deviation [SD]) log10 CFU/g.
All rabbits in the control group were considered bacteremic,
indicating the infection diffused from the pulmonary to the
systemic compartment, with high bacterial concentrations in
the spleen of 5.1 � 0.8 log10 CFU/g. Bacterial counts in the
lungs and spleen were significantly reduced by all treatment
regimens compared with the control group (P � 0.0001 for
each group, except P � 0.001 for vancomycin at 48 h) (Table 3).
The greatest reduction of bacterial counts in lung tissue was
seen in both the ceftaroline and the clindamycin groups, with
bacterial counts posttreatment of 2.9 � 1.4 log10 CFU/g and 3.1
� 1.6 log10 CFU/g, respectively. The greatest reduction of bac-
terial counts in the spleen was seen in the clindamycin group,
with a bacterial count posttreatment of 1.1 � 0.2 log10 CFU/g,
which was comparable to the ceftaroline group (bacterial count
posttreatment, 1.4 � 0.7 log10 CFU/g). There was no significant
difference in macroscopic scores between control and vanco-
mycin-treated rabbits (Table 3). Significantly lower macro-
scopic scores were noted after treatment with ceftaroline (P �
0.0001), clindamycin (P � 0.001), and linezolid (P � 0.001)

compared with control animals, which correlated with reduced
tissue damage (Table 3). Rabbits treated with vancomycin did
not have significantly reduced PVL in lungs compared with
controls, which correlated with the high mortality rate and
tissue damage observed in the vancomycin group (Table 3).
Treatment with ceftaroline, linezolid, and clindamycin signif-
icantly reduced PVL in lungs compared with controls (P �
0.01) (Table 3).

Antimicrobial effects on PVL mRNA expression in vitro. In a
qPCR analysis of the effects of oxacillin, ceftaroline, clindamycin,
linezolid, and vancomycin on PVL mRNA expression during the
early stationary phase, oxacillin induced a (28 � 2.82)-fold in-
crease, whereas clindamycin resulted in a (4.7 � 0.64)-fold de-
crease in the PVL mRNA level (Fig. 3). Ceftaroline, linezolid, and
vancomycin did not alter the PVL mRNA level relative to the
untreated control.

DISCUSSION

CA-MRSA is an increasing concern in patients with CAP because
of the association with poor outcomes (3). Ceftaroline has been
shown to have a strong affinity for multiple penicillin-binding
proteins (PBPs) in S. aureus, including PBP2a, which is responsi-
ble for methicillin resistance (31, 32). Previous in vitro studies
have demonstrated that ceftaroline has bactericidal activity
against CA-MRSA, methicillin-susceptible S. aureus (MSSA),
health care-associated MRSA (HA-MRSA), heteroresistant van-
comycin-intermediate S. aureus (hVISA), vancomycin-interme-
diate S. aureus (VISA), vancomycin-resistant S. aureus (VRSA),
and daptomycin-nonsusceptible S. aureus (19, 20) isolates. The in
vivo efficacy of ceftaroline was previously demonstrated against
MRSA in a rabbit osteomyelitis model (33) and a rabbit endocar-
ditis model (34) and against S. aureus (MRSA and MSSA) in a
PVL-negative murine pneumonia model (35).

In the present study, the rabbit model is advantageous, because
severe disease can be induced in the immunocompetent animals
and computer-driven infusion pumps can simulate pharmacoki-
netics reflective of human dosing. However, this study was limited
to only 1 pneumonia model and 1 strain of MRSA. In this model,
clindamycin, ceftaroline, and, to a lesser extent, linezolid were
effective in reducing the mortality rate of necrotizing staphylococ-
cal pneumonia. Bacterial burdens in the lungs and spleen were
significantly lower in linezolid-, clindamycin-, and ceftaroline-
treated rabbits. A 48-hour vancomycin treatment also reduced the
bacterial burden compared with the control group, but the early-
mortality rate was very high in this group, as recently described by
Diep and colleagues (36).

Linezolid, clindamycin, and ceftaroline reduced the lung in-
jury in this model, whereas vancomycin did not significantly re-

TABLE 2 Numbers of animals used in the study

Treatment

No. of
rabbits
tested

No. of early
deaths (�30 h)

No. that
survived to
48 h

Control without treatment 8 8 0
5-h control (scheduled autopsy

at 5 h postinoculation)
6 6 0

Vancomycin 12 9 3
Linezolid 14 5 9
Clindamycin 12 1 11
Ceftaroline fosamil 12 2 10

TABLE 1 Pharmacokinetics (mean) of a model of human therapy in
rabbits

PK parameter Subject

Valuea

Vancomycin Linezolid Clindamycin
Ceftaroline
fosamil

Cmax (mg/liter) Rabbit 13.7 11 24
Human 15.6 12 21

Cmin (mg/liter) Rabbit 2.3 1.4 0.8
Human 2.6 0.75 0.25

Css (mg/liter) Rabbit 32.82
Human 30

AUC0-24

(mg · h/liter)
Rabbit 382 122 99 166
Human 352 138 68 131

a Using vancomycin in continuous infusion (equivalent to a CSS of 30 mg/liter for 48
h), linezolid (equivalent to 600 mg i.v. twice daily for 48 h), clindamycin (equivalent to
600 mg i.v. 3 times daily for 48 h), or ceftaroline fosamil (equivalent to 600 mg i.v. twice
daily for 48 h) (expressed as the total drug fraction).
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duce the tissue damage compared with the control group. In ad-
dition, linezolid, clindamycin, and ceftaroline effectively reduced
the PVL concentration in the lungs, whereas vancomycin did not
significantly reduce it, and this correlated with tissue damage and
a high mortality rate in this group. Further testing may be neces-
sary to ascertain the direct relationship between decreased lung
concentrations of PVL and reduction in tissue damage. These
findings do suggest that alternatives to vancomycin may be more
appropriate in PVL-producing MRSA infections. Although clin-
damycin significantly decreased PVL levels, this reduction was
likely a result of decreased pvl mRNA expression as seen in vitro,
suggesting a negative regulation effect on gene transcription. In
contrast, ceftaroline does not alter PVL mRNA expression in vitro,
and the strong reduction of the pvl level in infected animals is thus
likely to be a result of a direct decrease in bacterial counts. Despite
its powerful known bactericidal effect, ceftaroline did not increase
PVL concentrations within the lung, thus suggesting that antibi-
otics with a specific antitoxinic effect are not mandatory in the
setting of PVL-positive MRSA pneumonia if a large reduction of
the inoculum is rapidly achieved.

MRSA isolates that are resistant to current antibiotics are
emerging, confirming the need for newer antibiotic options. Evi-

dence of the development of clindamycin-resistant isolates is in-
creasing (14, 37). In addition, the role of vancomycin in treating
severe MRSA infections may be diminishing. In in vitro, in vivo,
and clinical studies, vancomycin has been shown to be less effica-
cious than comparators (36, 38–41). Additionally, vancomycin is
associated with poorer outcomes in patients with MSSA infections
than 	-lactam antibiotics (42, 43). This is important, because
MSSA can also carry the PVL genes, and thus, newer antibiotics,
such as ceftaroline, with good coverage of MSSA and activity
against PVL-positive isolates are necessary. A double-blind study
comparing ceftaroline fosamil with the combination of ceftriax-
one and vancomycin in the treatment of patients at risk for MRSA
pneumonia is currently enrolling patients (NCT01645735).

Conclusions. In this rabbit model of necrotizing staphylococ-
cal pneumonia, human-equivalent dosing with clindamycin, cef-
taroline fosamil, and, to a lesser extent, linezolid demonstrated
efficacy in bacterial reduction in both the lungs and spleen and
also reduction of lung injury or tissue damage. The bactericidal
effect of ceftaroline is associated with a strong reduction in the
concentration of pulmonary PVL without apparent effect on pvl
expression. This study provides strong support for clinical evalu-
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FIG 2 Survival rates of rabbits after treatment with vancomycin equivalent to a continuous infusion in humans (CSS � 30 mg/liter), linezolid equivalent to 600
mg i.v. twice daily, clindamycin equivalent to 600 mg i.v. 3 times daily, or ceftaroline fosamil equivalent to 600 mg i.v. twice daily in the USA300 MRSA
pneumonia model.

TABLE 3 Organism titers in lungs and spleen, macroscopic score, number of PVL-positive lobes, and PVL concentrations in lungs of untreated and
antibiotic-treated rabbits infected with USA300 MRSA (means � SD)

Treatment (no. of rabbits)

Organism titer (log10 CFU/g)
Global
macroscopic score

No. of PVL-
positive lobes

Pulmonary PVL
concn (�g/g)Lung Spleen

Control without treatment (8) 8.3 � 0.7 5.1 � 0.8 26.4 � 3.5 3.4 � 1.6 0.094 � 0.116
Vancomycin

�24 h (9) 7.3 � 0.5 4.1 � 1.5 25.6 � 4 4 � 1.9 0.090 � 0.116
at 48 h (3) 5.3 � 1.1a 2.5 � 1.3a 27 � 7.9 2.7 � 0.6 0.058 � 0.089

Linezolid (9) 4.8 � 1.3b 2.4 � 1.3b 19.4 � 4.9a 1.1 � 0.6 0.0185 � 0.0215c

Clindamycin (11) 3.1 � 1.6b,d 1.1 � 0.2b,d 17.5 � 8.5a 0.5 � 0.7 0.002 � 0.002c

Ceftaroline fosamil (10) 2.9 � 1.4b,d 1.4 � 0.7b,d 15.5 � 3.8b 1.1 � 0.7 0.004 � 0.005c

a P � 0.001 compared to control.
b P � 0.0001 compared to control.
c P � 0.05 compared to control.
d P � 0.05 compared to linezolid.
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ation of ceftaroline fosamil for use in treating PVL-positive CA-
MRSA.
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FIG 3 Antimicrobial effects on PVL mRNA expression. S. aureus LAC
USA300 MRSA cultures were grown with or without antibiotics at one-quarter
of the MIC. After 6 h of incubation, aliquots of cultures were used for total
RNA extraction and subsequent RT-PCR as described in Materials and Meth-
ods. The results are expressed as n-fold differences in the pvl/gyrB ratio in the
presence of antibiotics relative to the pvl/gyrB ratio for the strain grown with-
out antibiotics. These results represent the differences in the PVL mRNA levels
detected in the presence of different antibiotics relative to the PVL mRNA level
of the growth control. The values are means and SD (2 repeated different
experiments). a, significantly different from the control (isolate grown without
antibiotic).
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