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Ceftaroline is a broad-spectrum injectable cephalosporin exhibiting bactericidal activity against a variety of
bacteria, including methicillin-resistant Staphylococcus aureus (MRSA). Using a two-compartment in vitro phar-
macokinetic/pharmacodynamic (PK/PD) model, we evaluated the activity of ceftaroline at 600 mg every 8 h (q8h)
and q12h in comparison with that of vancomycin at 1,000 mg q12h over a 72-h time period against six clinical MRSA
isolates, including two heterogeneous vancomycin-intermediate S. aureus (hVISA) isolates. The MIC and minimum
bactericidal concentration ranged between 0.125 to 2 and 0.5 to 2 pg/ml for ceftaroline and vancomycin, respectively.
In the PK/PD model, ceftaroline was superior to vancomycin against all isolates (P < 0.05), except one to which it
was equivalent. No difference in activity was observed between both q8 and q12h dosing regimens of ceftaroline.
Bacterial regrowth was observed after 32 h for two isolates treated with ceftaroline. This regrowth was uncorrelated
to resistance, instability of the drug, or tolerance. However, subpopulations with higher MICs to ceftaroline were
found by population analysis for these two isolates. Finally, and in contrast to ceftaroline, MIC elevations up to 8
to 12 pg/ml were observed with vancomycin for the hVISA isolates. In conclusion, in addition to a lower potential
to select resistant mutants, ceftaroline demonstrated activity equal to or greater than vancomycin against MRSA
isolates. Although further in vitro and in vivo investigations are warranted, ceftaroline appears to be a promising
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alternative for the treatment of MRSA infections.

Bacteria exhibit an amazing ability to adapt to changes in
their environment, and perhaps nowhere is this more visible
than in the development of resistance to antibacterial agents.
Antibiotic use and misuse have largely contributed to the
emergence of multidrug-resistant (MDR) pathogens in the
health care setting, leading to a critical need for the develop-
ment of new antibacterial agents (23). Among the various
MDR gram-positive pathogens, methicillin-resistant Staphylo-
coccus aureus (MRSA) strains, particularly those that are
heteroresistant to vancomycin, heterogeneous vancomycin-in-
termediate S. aureus (hVISA), represent a serious clinical con-
cern because they have been associated with poor treatment
outcomes, excess health care costs, and prolonged hospital stay
(10, 11, 15). In MRSA, resistance to B-lactam antibiotics re-
sults from the production of a low-affinity penicillin-binding
protein (PBP) called PBP2" or PBP2a, that is not inhibited by
most B-lactams owing to inefficient formation of a covalent
enzyme-inhibitor complex (25). New compounds with higher
affinity for PBP2a offer the potential to overcome this resis-
tance and represent a novel option for treatment of infections
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caused by MRSA, including isolates with reduced susceptibility
to glycopeptides (20, 21).

Ceftaroline is an investigational parenteral broad-spectrum
cephalosporin that exhibits bactericidal activity against gram-
positive and -negative pathogens, including MRSA, hVISA,
and MDR Streptococcus pneumoniae (5, 18, 28). Administered
as a water-soluble semisynthetic N-phosphono-type prodrug
(ceftaroline fosamil), ceftaroline is currently in phase III de-
velopment for treatment of complicated skin and skin structure
infections (cSSSI) and community-acquired pneumonia (3).
Several in vivo models have been used to compare the activity
of ceftaroline versus those of vancomycin, linezolid, arbekacin,
and teicoplanin against MRSA isolates (8, 9). In thigh muscle
infection and endocarditis models, ceftaroline demonstrated a
highly bactericidal effect and was significantly more active than
linezolid against MRSA and hVISA isolates. Additionally, sta-
tistically significant differences between ceftaroline and vanco-
mycin therapy were also observed against hVISA isolates, but
not against MRSA, despite the fact that both agents achieved
a bactericidal effect (9). Several factors, such as MIC values
and the inoculum size, may affect the killing activity of B-lac-
tam antimicrobials (24, 27). Until now, no in vitro studies of
ceftaroline have been carried out using conditions that take
into consideration the pharmacokinetic and pharmacodynamic
(PK/PD) parameters of this agent. Thus, as the primary objec-
tive of this study, we evaluated the in vitro activity of ceftaro-
line in comparison with that of vancomycin against clinical
MRSA and hVISA isolates using an experimental PK/PD
model simulating human PK (16, 22, 26).
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TABLE 1. In vitro susceptibility of tested MRSA determined by the microdilution method or PAP and analysis of observed PK parameters

Drug and MIC MBC . £Copan oo . fAUCMIC % {1
Kot (ngml)’  (ugmp)  TEAEEE® e ugmiye Toosn (T e MIC o MIC

Ceftaroline 21+02 174 0.7 13=*+03

R1629 0.125 (0.75) 0.5 12 100 (100)/100 (67) 100 (75)/100 (50)

R3804 0.25 (0.5) 0.5 26.8 100 (100)/100 (67) 100 (94)/83 (62.5)

R4039 0.5 (1) 1 6.5 100 (94)/83 (62.5) 100 (69)/62.5 (46)

R494 0.5 (1.2) 0.5 28.3-35 100 (85)/83 (57) 94 (62.5)/62.5 (42)

R5200 1(1) 1 6.8 94/62.5 69/46

Mu3 2(2) 2 5.05-44 69/46 4731
Vancomycin 6.8+16 180x02 52=x12

R1629 1(6) 2 57.9

R3804 0.5 1 231.8

R4039 1 1 115.9

R494 0.5 1 231.8

R5200 0.5 0.5 231.8

Mu3 2(6) 2 57.9

“£C, . free peak concentration of drug in serum; fC,;,,, free trough concentration of drug in serum; fAUC, free area under the concentration-time curve; To9 9o,

time to achieve bactericidal activity with the q12h regimen.

® Parentheses indicate values computed with the minimal concentration required to inhibit growth of the subpopulation determined by PAP at an initial inoculum

of 107 CFU/ml.

¢ %fT > MIC, percentage of time the q8h/q12h dosing regimen is above the MIC.

(A portion of this work was presented at the 48th Inter-
science Conference on Antimicrobial Agents and Chemother-
apy-46th Annual Meeting of the Infectious Diseases Society of
America, Washington, DC, 25 to 28 October 2008 [29].)

MATERIALS AND METHODS

Bacterial strains and media. Six clinical isolates of MRSA, including five
organisms selected from the Anti-Infective Research Laboratory (Detroit, MI)
collection, were investigated in the in vitro PK/PD model. All isolates were
recovered from patients from different health care settings in Detroit between
1996 and 2007. On a routine basis in our laboratory, each isolate was screened for
its heterogeneous susceptibility profile to vancomycin using the Macro Etest and
modified population analysis methods, as previously described (31). MRSA 494
(1), R3804, R4039, and R5200 were found fully susceptible to vancomycin,
whereas R1629 was characterized as hVISA (12). The well-described hVISA
isolate Mu3 was also included in the study and was generously provided by K.
Hiramatsu, Juntendo University, Japan (7).

Antimicrobials and media. Ceftaroline (lot CI 170-07) was provided by Forest
Laboratories, Inc. (New York, NY), and vancomycin was commercially pur-
chased from Sigma-Aldrich Co. (Saint Louis, MO). Stock solutions were freshly
prepared each week according to the manufacturers and were kept frozen at
—4°C.

Mueller-Hinton broth (Difco, Detroit, MI), supplemented with 25 pg/ml cal-
cium and 12.5 pg/ml magnesium (SMHB), was utilized for susceptibility testing
and in vitro PK/PD models. Tryptic soy agar (TSA; Difco, Detroit, MI) plates
were used for growth of isolates and for determination of colony counts in
time-kill experiments. Brain heart infusion (BHI) agar (Difco, Detroit, MI) was
used for population analysis profile (PAP) experiments and to investigate emer-
gence of resistance.

Susceptibility testing. The MICs of each agent were determined in duplicate
by broth microdilution in SMHB according to Clinical and Laboratory Standards
Institute (CLSI) guidelines (2). Five-microliter samples from visually clear wells
were plated onto TSA plates and incubated at 35°C for 24 h for the determina-
tion of the minimum bactericidal concentration (MBC).

Ceftaroline and vancomycin population analysis. A bacterial suspension of
~107 CFU/ml (similar to the initial inoculum used in the in vitro PK/PD model)
was plated with an automatic spiral plating device (WASP; DW Scientific, West
Yorkshire, United Kingdom) onto freshly prepared BHI agar plates containing
0.06 to 2.5 pg/ml of ceftaroline or 0.25 to 6 pwg/ml of vancomycin. After 48 h of
incubation at 35°C, colony counts were determined using an automated colony
counter (Synoptics, Ltd., Frederick, MD). The lower limit of detection for colony
counts was 2 log;, CFU/ml. PAP was performed in duplicate to ensure repro-

ducibility, and curves were constructed by plotting mean colony counts (log;
CFU/ml) versus concentration.

In vitro PK/PD model. Time-kill model experiments were performed over a
72-h period with an initial inoculum of ~107 CFU/ml, using a hollow fiber model
(cartridge C2011; Fibercell System, Inc., Frederick, MD) simulating human PK,
as previously described (4). Fresh SMHB medium was continuously supplied and
removed from a reservoir chamber via a peristaltic pump (Masterflex; Cole-
Parmer Instrument Co., Chicago, IL) set to simulate the half-lives of the anti-
biotics (average of 2 h for ceftaroline and 6 h for vancomycin). The dosing
regimens were 600 mg of ceftaroline every 8 h (q8h) and 12 h (ql2h) (free
maximum concentration of drug in serum [fC,,,.] targeted, 15.2 pg/ml; protein
binding, 20%) (22), and 1,000 mg of vancomycin every 12 h (targeted fC,,,, 18
pg/ml; protein binding, 50%) (16). The pump rates were set at 2.3 and 0.7 ml/min
for ceftaroline and vancomycin, respectively. After inoculation of the bacteria
into the extracapillary space of the cartridge, antibiotic solution was infused in
the reservoir chamber via a dosing port. All experiments were performed at 37°C
in duplicate to ensure reproducibility.

PD analysis. Culture samples (1 ml) were removed from each model at 0, 1, 2,
4, 8, 24, 28, 32, 48, 56, and 72 h. Appropriate dilutions were plated using an
automatic spiral plating device to enumerate CFU/ml and avoid antibiotic car-
ryover. Plates were then incubated at 35°C for 24 h, and bacterial counts were
determined by an automated colony counter. Time-kill curves were constructed
by plotting mean colony counts (log;, CFU/ml) versus time, and bactericidal
activity was defined as a =3-log,,-CFU/ml (99.9%) reduction from the starting
inoculum.

PK analysis. To assess the concentration of the antibiotic, samples (~1 ml)
were removed from an injection port located between the reservoir chamber and
the cartridge at 0.5, 1, 2, 4, 8, 24, 28, 32, 48, 56, and 72 h. Samples were stored
at —4°C until analysis. Vancomycin concentrations were determined by fluores-
cence polarization immunoassay (Abbott Diagnostics TDx). The limit of detec-
tion for this assay was 2 pg/ml (> = 0.99; between-day and intraday coefficient
of variation for low, medium, and high standards, =2.5%). Ceftaroline concen-
trations were determined by microbioassay using Bacillus subtilis ATCC 6633 as
the indicator organism. Sterile blank 0.25-in. disks (BD, Sparks, MD) were
spotted with 10 pl of samples or standards prepared in SMHB. Concentrations
of 5, 10, and 20 wg/ml were used as standards. Each standard and sample was
tested in duplicate by placing disks on antibiotic assay medium 2 agar plates
swabbed with a 0.5 McFarland suspension of the test organism. Zone sizes were
measured after 18 to 24 h of incubation at 35°C. This assay was linear over the
range tested (r? = 0.95; between-day and intraday coefficient of variation for low,
medium, and high standards, =12.8%). Ceftaroline half-life, peak, and trough
values were calculated from concentration-versus-time plots. Elimination half-
lives, free area under the concentration-time curve between two consecutive
dosings at steady state (AUC), fC,,,,, and free minimum (trough) concentration

max>
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FIG. 1. Invitro killing activity of ceftaroline at 600 mg q8h (open circle) and q12h (filled inverted triangles) compared with that of vancomycin
at 1,000 mg q12h (open triangles) in the two-compartment in vitro PK/PD model against hVISA R1629 (A), MRSA R3804 (B), MRSA 494 (C),
hVISA Mu3 (D), MRSA R4039 (E), and MRSA R5200 (F). Growth control curves (filled circles) demonstrate viability of the organisms without
antibiotic treatment over the 72-h period, and in each panel, the dotted line represents the limit of detection (2 log,, CFU/ml).

of drug in serum (fC,,;,) were determined by trapezoidal methods utilizing PK
Analyst software (Micromath, Salt Lake City, UT).

Emergence of resistance. To investigate the development of resistance,
100-p1 samples from the 24-, 48-, and 72-h time points were plated directly
onto TSA plates containing threefold the MIC of ceftaroline or vancomycin.
Plates were examined after 48 h of incubation at 35°C. Any growth observed
on the antibiotic-containing plates after 48 h of incubation was considered as

emergence of resistance, and MIC testing was performed to determine the
level of resistance.

Statistical analysis. Differences in the bacterial densities observed at 24, 48,
and 72 h with each dosing regimen were analyzed by ¢ test or analysis of variance
with Tukey’s post hoc test. All statistical analyses were performed using SPSS
statistical software (release 17.0; SPSS, Inc., Chicago, IL). A P value of <0.05 was
considered significant.
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FIG. 2. PAP for the six tested isolates against vancomycin (A) and ceftaroline (B) using an inoculum size of 107 to 10* CFU/ml.

RESULTS

MIC and MBC results for the tested clinical isolates are
summarized in Table 1. Both drugs displayed very similar MIC
ranges, and MBCs were found to be equal to or 1 dilution
higher than the respective MICs. No changes in ceftaroline
MICs and MBCs were observed throughout all the experi-
ments. In contrast, vancomycin exposure in the PK/PD model
resulted in an elevation in MIC against both hVISA R1629 and
Mu3. MICs increased to 8 pwg/ml for both isolates at 24 h and
up to 12 pg/ml for Mu3 at 48 h.

Observed PK parameters were within 15% of the targeted
values, similar to those observed in human therapy (16, 22).
Maximum concentrations of drug (fC,,,,) were 17.4 = 0.7 and
18.0 = 0.2 pg/ml, and half-lives were 2.1 = 0.2 and 6.8 = 1.6 h
for ceftaroline and vancomycin, respectively. The main PK
parameters for B-lactams and glycopeptides (time of the dos-
ing regimen above the MIC [fT > MIC] and fAUC/MIC ratio)
were analyzed and are reported in Table 1. For ceftaroline,
fT > MIC and fT > 2X MIC were achieved for 42% to 100%
of the dosing interval for all isolates, except the Mu3 isolate,
for which values were strongly reduced. For vancomycin, the
fAUC/MIC ratio was greater than 125 h~* for MRSA 494 and
R3804 (231.8 = 43.3 h™ 1), but <125 h™ " for the two hVISA
isolates (57.9 = 10.8 h™! for R1629 and Mu3) and the MRSA
isolate R4039 (115.9 = 21.7 h™).

Quantitative changes in log,, CFU/ml over the 72-h time
period are graphically displayed in Fig. 1. Comparison of the
bacterial densities at 24, 48, and 72 h of drug exposure did not
demonstrate any significant difference between the q8h and
q12h dosing regimens against any of the tested isolates. Bac-
tericidal activity (i.e., =3-log kill) was achieved with ceftaroline
at 6.5, 6.8, 26.8, and 12 h for the MRSA isolates R4039, R5200,
R3804, and hVISA R1629, respectively. For MRSA 494, bac-
tericidal activity was temporarily achieved between 25.5 and

37.5 h and 28.3 and 35 h with the q8h and q12h dosing regi-
mens, respectively. For Mu3, bactericidal activity was demon-
strated with ceftaroline between 5.05 and 44 h with both dosing
intervals. Bacterial regrowth observed secondary to ceftaroline
exposure against Mu3 and MRSA 494 was not associated with
tolerance, instability of the drug, or emergence of resistance
(data not shown). In an attempt to explain the results, we
investigated the presence of resistant subpopulations in the
initial samples. Using PAP performed at an inoculum size
similar to that used in the in vitro PK/PD models, two of the six
tested isolates (MRSA 494 and Mu3) demonstrated the pres-
ence of subpopulations with higher MICs (=1 pg/ml) to
ceftaroline (Fig. 2). The standard vancomycin regimen (1,000
mg q12h) did not lead to a bactericidal effect against any of the
six tested isolates. Ceftaroline dosed at 600 mg q8h or ql2h
demonstrated a better killing effect than a standard dose of
vancomycin against the two hVISA (R1629 and Mu3) and
three MRSA (R3804, R4039, and R5200) isolates (P < 0.05).
Against one isolate, MRSA 494, no significant difference in
killing between the two agents was observed (Fig. 1).

DISCUSSION

Six isolates with different susceptibility profiles to vancomy-
cin and ceftaroline were exposed to both agents over 72 h using
a two-compartment in vitro PK/PD model mimicking human
PK. No difference was observed between the q8h and q12h
regimens of ceftaroline, despite a relatively short half-life (be-
tween 2 and 2.5 h) and a time-dependent activity. Our results
appeared therefore favorable to a ql12h interval, which is in
agreement with clinical trials (22). Also consistent with previ-
ous in vitro and in vivo investigations, ceftaroline appeared
superior to vancomycin against three MRSA and two hVISA
strains (P < 0.05), achieving sustained bactericidal activity
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against the majority of these isolates (9, 18, 28). In contrast to
vancomycin, for which both hVISA isolates developed inter-
mediate resistance with significant increases in MIC, none of
the tested isolates developed resistance to ceftaroline. This
result represents an important property of ceftaroline, since
antimicrobial resistance represents a current and serious con-
cern (9, 21). Against one MRSA isolate (MRSA 494), ceftaro-
line was bactericidal (unlike vancomycin), but this activity was
transient. Although unclear at present, the presence of sub-
populations with higher MICs might explain these results. Tar-
get attainment studies performed with cephalosporins re-
ported that bacteriostatic and bactericidal effects are achieved
for staphylococci when free drug concentrations exceed the
MIC for 30% or 50% of the dosing interval, respectively (14).
In this study, % fT" > MIC correlating with bactericidal effect
was achieved for all isolates, except MRSA 494 and Mu3, for
which % fT > MICs were lowest when considering the sub-
population with the highest MIC. This partial explanation to
the bacterial regrowth is also emphasized by the fact that we
did not observe this effect against isolates with homogeneous
populations. The use of the standard inoculum of 10" CFU/ml
may be, however, a limitation of this study, since it may not be
optimal to investigate potential selection of resistant popula-
tions. Further experiments using higher inocula are warranted
to evaluate the impact of the subpopulations on the in vitro
activity of ceftaroline against MRSA.

Treatment of infections caused by MRSA, and especially
those exhibiting heterogeneous resistance to vancomycin, rep-
resents one of the most important challenges for clinicians
(13). At this time, daptomycin and linezolid are among the last
available options to treat hVISA and VISA infections, but
despite their restricted use, resistance has already emerged (6,
17, 30). Progress toward development of new anti-MRSA
agents includes a new class of cephalosporins that exhibit high
affinity for PBP2a, the determinant of B-lactam resistance in
this pathogen (19). Ceftaroline has recently demonstrated en-
couraging results in phase III trials for the treatment of cSSSI
(3, 19). In the present in vitro study, ceftaroline demonstrated
higher activity than a standard regimen of vancomycin against
five out of six clinical MRSA and hVISA isolates. In addition
to its low potential for selecting resistant mutants, ceftaroline
represents therefore a promising option for treatment of seri-
ous infections caused by MDR S. aureus strains, including
those with reduced susceptibility to glycopeptides.
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