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Ceftaroline is a novel broad-spectrum cephalosporin that exhibits bactericidal activity against many gram-
positive and -negative pathogens. However, the activity of ceftaroline cannot be solely relied upon for eradi-
cation of multidrug-resistant gram-negative isolates, such as Pseudomonas aeruginosa and extended-spectrum
�-lactamase (ESBL)-producing Enterobacteriaceae, which represent a current clinical concern. As drug com-
binations might be beneficial by potential synergy, we evaluated the in vitro activity of ceftaroline combined
with meropenem, aztreonam, cefepime, tazobactam, amikacin, levofloxacin, and tigecycline. Susceptibility
testing was performed for 20 clinical P. aeruginosa isolates, 10 ESBL-producing Escherichia coli isolates, 10
ESBL-producing Klebsiella pneumoniae isolates, and 10 AmpC-derepressed Enterobacter cloacae isolates. Time-
kill experiments were performed for 10 isolates using antimicrobials at one-fourth the MIC. Ceftaroline
exhibited a MIC range of 0.125 to 1,024 �g/ml and was reduced 2- to 512-fold by combination with tazobactam
(4 �g/ml) for ESBL-producing strains. In time-kill experiments, ceftaroline plus amikacin was synergistic
against 90% of the isolates (and indifferent for one P. aeruginosa isolate). Ceftaroline plus tazobactam was
indifferent for E. cloacae and P. aeruginosa strains but synergistic against 100% of E. coli and K. pneumoniae
isolates. Combinations of ceftaroline plus meropenem or aztreonam were also synergistic for all E. coli and E.
cloacae isolates, respectively, but indifferent against 90% of the other isolates. Finally, combinations of
ceftaroline plus either tigecycline, levofloxacin, or cefepime were indifferent for 100% of the isolates. No
antagonism was observed with any combination. Ceftaroline plus amikacin appeared as the most likely
synergistic combination. This represents a promising therapeutic option, and further studies are warranted to
elucidate the clinical value of ceftaroline combinations against resistant gram-negative pathogens.

Infections due to multidrug-resistant (MDR) gram-negative
pathogens affect both immunocompetent and immunocompro-
mised patients and represent a current and important clinical
concern. Over the last decade the incidence of these infections
has increased throughout the world, leading to an alarming
deficit in effective antimicrobial agents (18, 21). Extended-
spectrum �-lactamase (ESBL)-producing Enterobacteriaceae
as well as Pseudomonas aeruginosa are among the most impor-
tant and frequent nosocomial pathogens and are also resistant
to many classes of antibiotics (3, 32). The anti-infective agents
currently available to treat Enterobacteriaceae infections in-
clude fluoroquinolones and �-lactams, for which the activity
has been markedly compromised by the emergence of ESBL
enzymes and the spread of plasmid-mediated fluoroquinolone

resistance (25). For infections caused by P. aeruginosa, which
displays a high rate of multidrug resistance, empirical therapy
often requires combination therapy (2, 14). Although it may
not always prevent the emergence of resistance, antimicrobial
combinations may nevertheless enhance the killing effect and
the likelihood of cure, by extending the spectra of activities of
drugs active against MDR organisms (3, 5, 24).

Combinations of a �-lactam with an aminoglycoside or a
�-lactam inhibitor are the most common and have demon-
strated greater efficiencies than monotherapy with a �-lactam
in serious infections, including gram-negative sepsis or bacte-
remia (14, 31). Due to the potential toxicity of aminoglyco-
sides, other combinations, such as a �-lactam plus a fluoro-
quinolone or double �-lactam combinations, have also been
investigated and have demonstrated promising results both in
vivo and in vitro (13, 28). Mechanisms responsible for the
synergistic effect observed with some of these combinations
have been investigated. For example, it has been suggested that
penetration of aminoglycosides is increased in the presence of
a �-lactam, and the degradation of �-lactams may be consid-
erably reduced in the presence of a �-lactamase inhibitor (19).

Several reviews recently reported anti-infective agents either
currently available or in development to treat MDR gram-
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negative infections, but these reviews also emphasized the ur-
gent need for new therapeutic strategies (3, 21, 22). Ceftaro-
line (formerly referred to as PPI-0903 M or T-91825) is a novel
semisynthetic cephalosporin, discovered and initially synthe-
sized by Takeda Chemical Industries, Ltd., Japan (11). Cur-
rently in phase III development by Forest Laboratories,
ceftaroline exhibits a broad spectrum of activity, covering most
of the resistant gram-positive pathogens as well as many com-
mon gram-negative organisms (9, 12, 26, 27). The unique bio-
logical activity of this cephalosporin results from its higher
affinity for the altered penicillin-binding protein 2, PBP2� (or
PBP2a), which is predominantly expressed in methicillin-resis-
tant Staphylococcus aureus, including strains with reduced sus-
ceptibility to glycopeptides (23). Ceftaroline also exhibits ex-
cellent activity against Streptococcus pneumoniae isolates, and
a clinical trial for community-acquired pneumonia is currently
under way (http://clinicaltrials.gov). Like other �-lactams,
ceftaroline activity against gram-negative species is limited by
its affinity for the PBPs and its susceptibility to �-lactamases,
especially the ESBL enzymes and cephalosporinases of Entero-
bacteriaceae and P. aeruginosa strains (23, 27). Although min-
imum to no activity was reported against MDR gram-negative
bacilli, ceftaroline represents a potential candidate for combi-
nation therapy, which may extend its spectrum of activity as
well as offer a novel and unique therapeutic option to cover
mixed infections due to methicillin-resistant S. aureus and
MDR gram-negative organisms (27).

The objective of this study was to evaluate the in vitro ac-
tivity of ceftaroline against clinical MDR gram-negative iso-
lates and to investigate its potential for synergy in combination
with a large panel of antimicrobials, including �-lactams
(aztreonam, meropenem, and cefepime), an aminoglycoside
(amikacin), a �-lactamase inhibitor (tazobactam), fluoroquin-
olone (levofloxacin), and glycylcycline (tigecycline), which
potentially may offer synergistic combinations.

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

MATERIALS AND METHODS

Bacterial strains and media. Twenty clinical P. aeruginosa isolates, 10 ESBL-
producing E. coli isolates, 10 ESBL-producing Klebsiella pneumoniae isolates,
and also 10 AmpC-derepressed Enterobacter cloacae isolates were selected from
the Anti-Infective Research Laboratory (Detroit, MI) and JMI Laboratories
(North Liberty, IA) clinical isolate collections for susceptibility testing. Ten
strains (two E. coli, two K. pneumoniae, two E. cloacae, and four P. aeruginosa)

with differing susceptibilities to ceftaroline were chosen for time-kill experi-
ments. Mueller-Hinton broth (Difco Laboratories, Detroit, MI) supplemented
with magnesium (12.5 �g/ml total concentration) and calcium (25 �g/ml total
concentration) was used for all microdilution susceptibility testing and time-kill
analyses. Tryptose soy agar (Difco Laboratories, San Jose, CA) was used for
growth and colony counts.

Antimicrobial agents. Ceftaroline (lot CI 170-07) was provided by Forest
Laboratories, Inc. (New York, NY). Tigecycline (Wyeth Pharmaceuticals, Inc.,
Pearl River, NY), meropenem (AstraZeneca Pharmaceuticals LP, Wilmington,
DE), and cefepime (Elan Pharmaceuticals, Inc., San Diego, CA) were commer-
cially purchased. Levofloxacin, amikacin, tazobactam, and aztreonam were ob-
tained from Sigma-Aldrich Co. (St. Louis, MO).

Susceptibility testing. MICs as well as minimum bactericidal concentrations
(MBCs) of the tested drugs were determined by using broth microdilution meth-
ods according to Clinical and Laboratory Standards Institute guidelines (6). All
susceptibility testing was performed in duplicate with inocula of �5.5 � 105

CFU/ml.
Time-kill curve analysis. The potential for synergistic interactions between

ceftaroline and other antimicrobials was evaluated in duplicate with an initial
inoculum of �106 CFU/ml. Ten strains (two E. coli, two K. pneumoniae, two E.
cloacae, and four P. aeruginosa) were exposed to each drug alone or in combi-
nation at a single concentration equal to one-fourth the MIC, except tazobactam,
which was used at a fixed concentration (4 �g/ml) since all organisms were
nonsusceptible. Regimens included ceftaroline alone or combined with aztreo-
nam, meropenem, cefepime, amikacin, tazobactam, levofloxacin, or tigecycline.
Aliquots (0.1 ml) were removed from 2-ml cultures at 0, 1, 2, 4, 8, and 24 h and
serially diluted in cold 0.9% sodium chloride. Bacterial counts were determined
by plating 75 to 100 �l of appropriate dilutions using an automatic spiral plating
device (WASP; DW Scientific, West Yorkshire, United Kingdom) to enumerate
CFU/ml and avoid antibiotic carryover. Colony counts were performed using an
automated colony counter (Synoptics Limited, Frederick, MD), and the lower
limit of detection was 2 log10 CFU/ml. Time-kill curves were constructed by
plotting mean colony counts (log10 CFU/ml) versus time. According to the 2008
guidelines of Antimicrobial Agents and Chemotherapy, synergy was defined as a
�2-log10 CFU/ml decrease between the combination and the most efficient agent
alone at 24 h. The number of surviving organisms in the presence of the com-
bination was also �2 log10 CFU/ml and at least one of the drugs alone did not
affect the growth curve of the tested organism. Indifference and antagonism were
defined at 24 h as a �1-log10 kill to �2 compared to the most efficient agent
alone and 	1 log10 growth compared with the less active single agent, respec-
tively. Bactericidal activity of individual drugs alone was defined as �3 log10

CFU/ml (99.9%) reduction at 24 h compared to the starting inoculum, while
bactericidal activity of drug combinations was defined as a �3-log10 CFU/ml
(99.9%) reduction compared to the most active drug at 24 h.

RESULTS

Susceptibility. The susceptibility results for ceftaroline and
other agents against selected isolates of Enterobacteriaceae and
P. aeruginosa are shown in the Table 1. Ceftaroline MICs
ranged from 0.125 to 1,024 �g/ml. Isolates of differing suscep-
tibilities to ceftaroline were chosen for these studies and in-
cluded 8 with MICs of �4 �g/ml (3 E. coli, 1 K. pneumoniae,
and 4 E. cloacae), 8 with MICs of 8 �g/ml (2 E. coli, 2 K.

TABLE 1. Susceptibility profiles (MIC and MBC ranges) of the 30 tested clinical Enterobacteriaceae and 20 P. aeruginosa isolates

Antimicrobial
MIC/MBC ranges (�g/ml) for species (n)

E. coli (10) K. pneumoniae (10) E. cloacae (10) P. aeruginosa (20)

Ceftaroline 2–512/4–1,024 8–1,024/32–1,024 0.125–512/0.125–1,024 8–256/16–256
Ceftaroline-tazobactam 0.5–4/1–8 1–64/1–64 0.125–256/0.125–1,024 4–128/16–128
Meropenem 0.03–0.06/0.06–0.125 0.03–0.06/0.06–0.125 0.03–0.25/0.03–0.5 0.125–16/0.125–32
Cefepime 0.125–256/0.25–512 0.5–16/0.5 to 	64 0.06–32/0.125–64 2–32/4–64
Aztreonam 0.125 to 	64/0.125 to 	64 0.25 to 	64/0.5 to 	64 0.125 to 	64/0.125 to 	64 2–64/8–64
Amikacin 1–16/4–64 1–32/1–128 0.5–4/1–8 2–16/2–64
Levofloxacin 0.03–32/0.06–32 0.25 to 	32/0.25 to 	32 0.03–64/0.03–128 0.25–32/0.5–32
Tigecycline 0.06–0.5/0.06–4 0.125–1/0.5–8 0.25–2/0.5–4 2–32/8–256
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pneumoniae, and 4 P. aeruginosa), and 34 with MICs of �16
�g/ml (5 E. coli, 7 K. pneumoniae, 6 E. cloacae, and 16 P.
aeruginosa). In combination with tazobactam (MIC � 256 mg/
liter), the ceftaroline MIC was decreased 2- to 512-fold for
ESBL-producing E. coli and K. pneumoniae strains but was
unchanged for the majority of AmpC-derepressed E. cloacae
and P. aeruginosa isolates (Table 1). Five E. coli and eight K.
pneumoniae isolates exhibited significant changes in ceftaroline
susceptibility (MICs decreased 8- to 512-fold), but two K. pneu-
moniae isolates remained highly resistant, with MICs greater
than 16 �g/ml. The ceftaroline MIC was slightly decreased
(twofold) in the presence of tazobactam for seven E. cloacae
and nine P. aeruginosa strains. Other antimicrobials exhibited
varied levels of activity against the selected clinical isolates,
with MICs ranging from 0.03 to �32 �g/ml. All E. coli, K.
pneumoniae, and E. cloacae isolates appeared susceptible to
meropenem and tigecycline, with MICs less than or equal to 4
and 8 �g/ml, respectively, corresponding to the resistance
breakpoints of these species. All clinical P. aeruginosa isolates
were susceptible to amikacin, with a MIC range of 2 to 16
�g/ml, and all K. pneumoniae isolates were resistant to aztreo-
nam, with MICs equal to or greater than 32 �g/ml except for
one isolate with a MIC of 0.5 �g/ml (Table 1).

Time-kill analysis. Antimicrobial susceptibility values of
each strain run in time-kill experiments are presented in Table
2. In time-kill experiments, ceftaroline and the other agents
alone were not bactericidal at one-fourth the MIC and did not
significantly affect the growth curve of the organisms (data not
shown). In combination, ceftaroline with tigecycline, levofloxa-
cin, or cefepime was only indifferent (mean decrease from 0.01
to 1.8 � 0.40 log10 CFU/ml) (Table 3) In contrast, ceftaroline
plus amikacin demonstrated a synergistic effect against 90% of
the tested strains, with decreases in viable organisms at 24 h of
�5.65, 4.4, 5.1, and 3.6 log10 CFU/ml for E. coli, E. cloacae, K.
pneumoniae, and P. aeruginosa, respectively (Fig. 1A to D;
Table 3). Ceftaroline combined with meropenem, aztreonam,
or tazobactam led to variable effects, depending on the com-
bination and the species, none of which was antagonistic.
Ceftaroline plus tazobactam was synergistic against both E. coli
and K. pneumoniae isolates, with similar mean differences
(�5.51 and 5.44 log10 CFU/ml), but indifferent for E. cloacae
and P. aeruginosa isolates (Fig. 1A to D; Table 3). Combina-
tions of ceftaroline plus meropenem or aztreonam were syn-
ergistic against the two ESBL-producing E. coli isolates (mean
difference of �4.45 log10 CFU/ml) or the two AmpC-dere-

pressed E. cloacae isolates (mean difference of �3.03 log10

CFU/ml), respectively (Fig. 1A and C; Table 3). No antago-
nism was observed in these studies for any ceftaroline combi-
nation with any of the tested isolates.

DISCUSSION

Because of a limited number of efficacious anti-infective
drugs or novel therapeutic strategies, MDR gram-negative
pathogens currently represent a serious clinical concern (22).
The use of antimicrobial combinations is considered one of the
best options available to treat infections caused by these patho-
gens, despite controversial opinions based on potential in-
creased toxicity and lack of clinical evidence of higher effi-
ciency compared to monotherapy (14, 29). Indeed, in addition
to the improvement of the killing effect of the drugs, combi-
nation therapy may also reduce the emergence of resistance
and improve the spectrum of activity (5).

This preliminary study was designed to investigate the po-
tential for synergy of ceftaroline combinations, which may ex-
tend its bactericidal activity against resistant gram-negative
bacilli, as previously demonstrated for other �-lactams (7, 15,
17, 28). We selected a large panel of drugs, including an amino-
glycoside, �-lactams, and fluoroquinolones, which were likely
to provide synergy in combination with a �-lactam (31).
Ceftaroline and combinations were evaluated against a broad
selection of resistant gram-negative strains, which included
Enterobacteriaceae isolates exhibiting ceftaroline MICs ranging
from 0.125 to 1,024 �g/ml and clinical P. aeruginosa isolates,
selected at random, with a range of MICs for ceftaroline from
8 to 256 �g/ml. Although it has not been clearly defined yet,
the low activity of ceftaroline against gram-negative bacilli may
be the result of various parameters. Thus, the affinity of the
drug for specific penicillin-binding proteins of each species, as
well as the expression of �-lactamase enzymes (such as ESBL
and cephalosporinases in Enterobacteriaceae and P. aeruginosa
isolates, respectively) and �-lactamase-related inoculum ef-
fects, may be suggested (20). High MICs, reversible in combi-
nation with a �-lactamase inhibitor such as clavulanate, were
previously reported for ceftaroline against isolates expressing
�-lactamases of the class A type, including ESBL-producing
Enterobacteriaceae (20). A preliminary correlation between
ESBL type and ceftaroline activity was suggested by Mushtaq
et al., who reported higher ceftaroline MICs for CTX-M-pro-
ducing isolates (greater than 128 �g/ml) compared to classical

TABLE 2. In vitro activities of ceftaroline and tested antimicrobials (MICs and MBCs) against 10 selected clinical isolates

Antimicrobial

MIC/MBC (�g/ml) for indicated species and isolate no.

E. coli K. pneumoniae E. cloacae P. aeruginosa

5401 5411 5427 5436 4073 5420 796 956 1019 1037

Ceftaroline 4/8 64/128 4/16 1,024/1,024 256/512 64/128 16/32 128/256 32/64 8/32
Meropenem 0.06/0.06 0.06/0.06 4/16 0.06/0.06 0.25/0.5 0.125/0.125 1/2 0.25/2 1/2 0.5/1
Cefepime 4/4 2/4 0.5/1 16/32 4/16 0.25/1 8/16 8/32 2/4 1/2
Ceftaroline-tazobactam 0.5/2 0.5/2 1/1 2/8 128/512 32/64 16/32 64/128 32/64 4/16
Aztreonam 0.25/0.25 8/32 0.5/1 64/64 32/64 8/16 4/32 8/64 4/4 4/8
Amikacin 2/4 8/16 2/2 1/2 1/8 1/2 16/32 4/64 4/4 2/4
Levoflaxacin 32/32 8/16 0.25/2 4/4 0.06/0.06 0.06/0.06 1/2 0.5/1 0.5/1 0.25/0.5
Tigecycline 0.5/1 0.125/0.5 0.5/2 0.125/1 0.5/2 0.5/2 32/32 16/128 2/8 8/32
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TABLE 3. In vitro activities of drug combinations at one-fourth the MIC (or 4 mg/liter for tazobactam) against 10 randomly
selected clinical isolatesa

Drug combination Species Isolate
no.

Decrease in log10 CFU/ml (mean � SD) at: Effect of
combinationb

2 h 4 h 8 h 24 h

CPT � AMK E. coli 5401 1.01 � 0.00 4.78 � 0.08 5.30 � 0.08 5.32 � 0.02 S
5411 0.93 � 0.80 2.88 � 0.32 5.10 � 0.06 5.98 � 0.37 S

K. pneumoniae 5427 0.65 � 0.24 3.42 � 0.08 4.43 � 0.38 4.81 � 0.34 S
5436 0.26 � 0.36 0.87 � 0.14 3.31 � 0.01 5.31 � 0.14 S

E. cloacae 4073 1.38 � 0.01 1.68 � 0.01 3.19 � 0.16 4.65 � 0.02 S
5420 0.02 � 0.02 1.12 � 0.80 3.27 � 0.36 4.44 � 0.72 S

P. aeruginosa 796 0.07 � 0.05 0.63 � 0.31 2.14 � 0.41 5.23 � 0.32 S
956 0.36 � 0.05 2.61 � 0.02 2.66 � 0.50 3.60 � 0.44 S

1019 0.16 � 0.11 1.32 � 0.07 3.84 � 0.81 0.67 � 0.28 I
1037 0.09 � 0.08 2.13 � 0.07 2.71 � 0.30 3.51 � 0.27 S

CPT � TAZ E. coli 5401 0.94 � 0.26 2.00 � 0.02 3.37 � 0.17 4.99 � 0.09 S
5411 0.66 � 0.18 2.43 � 0.09 3.79 � 0.01 6.02 � 0.04 S

K. pneumoniae 5427 1.13 � 0.02 2.78 � 0.16 4.89 � 0.28 5.27 � 0.50 S
5436 0.48 � 0.07 2.92 � 0.14 5.31 � 0.05 5.62 � 0.56 S

E. cloacae 4073 0.57 � 0.13 0.65 � 0.08 0.83 � 0.09 0.47 � 0.04 I
5420 0.14 � 0.38 0.43 � 0.18 0.29 � 0.08 0.46 � 0.04 I

P. aeruginosa 796 0.12 � 0.28 0.32 � 0.28 0.08 � 0.01 0.31 � 0.06 I
956 0.08 � 0.08 0.01 � 0.08 0.51 � 0.27 0.52 � 0.13 I

1019 0.02 � 0.50 0.43 � 0.47 0.95 � 0.09 1.22 � 0.09 I
1037 0.01 � 0.19 0.06 � 0.16 0.73 � 0.07 0.56 � 0.24 I

CPT � MEM E. coli 5401 0.87 � 0.20 3.12 � 0.14 4.20 � 0.72 4.93 � 0.75 S
5411 0.08 � 0.58 1.78 � 0.15 3.91 � 0.13 4.17 � 0.47 S

K. pneumoniae 5427 0.06 � 0.13 1.13 � 0.46 0.12 � 0.05 0.12 � 0.03 I
5436 0.59 � 0.05 1.16 � 0.15 3.66 � 0..32 0.04 � 0.12 I

E. cloacae 4073 0.86 � 0.13 1.39 � 0.28 1.21 � 0.09 0.72 � 0.20 I
5420 0.10 � 0.02 1.03 � 0.73 1.44 � 0.74 0.12 � 0.11 I

P. aeruginosa 796 0.07 � 0.08 0.03 � 0.04 0.05 � 0.03 0.14 � 0.16 I
956 0.02 � 0.03 0.21 � 0.27 0.10 � 0.01 0.31 � 0.31 I

1019 0.01 � 0.01 0.27 � 0.10 0.04 � 0.05 0.05 � 001 I
1037 0.20 � 0.04 0.32 � 0.27 0.28 � 0.15 1.71 � 0.14 I

CPT � ATM E. coli 5401 0.32 � 0.06 1.36 � 0.01 0.12 � 0.05 0.08 � 0.01 I
5411 0.63 � 0.25 0.99 � 0.04 0.16 � 0.03 0.33 � 0.08 I

K. pneumoniae 5427 0.01 � 0.07 0.64 � 0.02 0.06 � 0.08 0.02 � 0.09 I
5436 0.44 � 0.01 0.37 � 0.02 2.00 � 0.09 0.14 � 0.07 I

E. cloacae 4073 0.69 � 0.32 1.71 � 0.25 1.73 � 0.29 3.08 � 0.13 I
5420 0.03 � 0.04 0.90 � 0.88 3.33 � 0.91 2.99 � 0.12 I

P. aeruginosa 796 0.06 � 0.11 0.04 � 0.26 0.97 � 0.18 0.85 � 0.15 I
956 0.18 � 0.15 0.12 � 0.17 0.20 � 0.53 0.73 � 0.68 I

1019 0.03 � 0.05 0.15 � 0.22 0.15 � 0.03 0.26 � 0.27 I
1037 0.17 � 0.09 0.12 � 0.36 0.22 � 0.16 1.01 � 0.54 I

CPT � LEV E. coli 5401 0.11 � 0.11 1.00 � 0.21 0.05 � 0.02 0.04 � 0.06 I
5411 0.63 � 0.58 0.58 � 0.01 0.08 � 0.14 0.01 � 0.05 I

K. pneumoniae 5427 0.15 � 0.05 0.18 � 0.07 1.68 � 0.22 1.70 � 0.20 I
5436 0.09 � 0.07 1.05 � 0.09 0.47 � 0.08 0.08 � 0.01 I

E. cloacae 4073 0.10 � 0.07 0.24 � 0.02 0.10 � 0.02 0.16 � 0.01 I
5420 0.01 � 0.10 0.41 � 0.38 0.05 � 0.14 0.04 � 0.06 I

Continued on following page
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�-lactamases, such as TEM-1, TEM-2, or SHV-1 (MICs from
2 to 16 mg/ml) (20). In the present study, ceftaroline MICs
were reduced by 2- to 512-fold for ESBL-producing E. coli and
K. pneumoniae isolates by the addition of tazobactam. In con-
trast, the wide range of ceftaroline MICs observed for the
AmpC-derepressed E. cloacae isolates was unchanged by the
addition of the tazobactam component, which is known to be
inactive against AmpC �-lactamases. Further investigations
are required to clarify the sensitivity of ceftaroline to different
�-lactamases, as well as to assess the affinity of ceftaroline for
the PBPs of Enterobacteriaceae. However, we confirmed the
potential benefits of combinations of ceftaroline plus �-lacta-
mase inhibitor therapy, and these promising results warrant
further study of alternative �-lactamase inhibitor agents. A
new �-lactamase inhibitor, NXL104 (Novexel, Romainville,
France), is currently under development and has been studied
with cephalosporin combinations in an attempt to restore ac-
tivity against class A and class C �-lactamase-producing organ-
isms (16). According to Forest Laboratories, studies of ceftaro-
line in combination with NXL104 are currently in progress (1).
For P. aeruginosa isolates, against which ceftaroline has limited
activity, high levels of resistance to ceftaroline and other �-lac-
tam drugs may be due to (i) a decreased affinity for the PBPs,
(ii) a failure to achieve inhibitory concentrations due to im-

permeability or efflux (via the MexXY efflux pump, for exam-
ple), and/or (iii) enzymatic hydrolysis resistant to �-lactamase
inhibitors (4, 8, 10). Studies of the mechanisms of resistance
responsible for the reduced activity of ceftaroline against P.
aeruginosa isolates are still warranted.

As expected, MBCs of ceftaroline alone were similar or
onefold higher than the MICs, suggesting that ceftaroline bac-
tericidal activity is close to the inhibitory concentration. In
order to observe synergistic effects, we selected a concentration
that was one-fourth the MIC for the time-kill experiments.
Effects of the combined treatments depended on the species
and the drugs tested, but in no cases were instances of antag-
onism observed. Against ESBL-producing E. coli and K. pneu-
moniae, ceftaroline plus amikacin or tazobactam were the most
synergistic combinations, followed by ceftaroline plus mero-
penem for E. coli isolates and ceftaroline plus aztreonam for E.
cloacae strains. With all other antimicrobials, ceftaroline com-
binations were indifferent. Our results appeared consistent
with those presented in an earlier study that used checker-
board assays to investigate the ceftaroline potential for synergy
in combination against two E. coli and two K. pneumoniae
isolates, including one ESBL-producing strain of each species
(30). Indeed, synergy was reported for ceftaroline plus amika-
cin against the only ESBL-producing E. coli tested. However,

TABLE 3—Continued

Drug combination Species Isolate
no.

Decrease in log10 CFU/ml (mean � SD) at: Effect of
combinationb

2 h 4 h 8 h 24 h

P. aeruginosa 796 0.03 � 0.02 0.21 � 0.42 0.35 � 0.09 0.04 � 0.14 I
956 0.08 � 0.09 0.25 � 0.23 0.14 � 0.00 0.98 � 0.06 I

1019 0.21 � 0.15 0.03 � 0.01 1.21 � 0.13 0.00 � 0.00 I
1037 0.02 � 0.10 0.10 � 0.15 0.04 � 0.01 0.10 � 0.36 I

CPT � CPM E. coli 5401 0.37 � 0.04 1.54 � 0.12 0.04 � 0.01 0.03 � 0.02 I
5411 0.56 � 0.51 0.38 � 0.01 0.07 � 0.00 0.01 � 0.00 I

K. pneumoniae 5427 0.08 � 0.03 0.82 � 0.19 0.38 � 0.32 0.20 � 0.30 I
5436 0.01 � 0.07 0.51 � 0.11 0.16 � 0.06 0.31 � 0.01 I

E. cloacae 4073 0.17 � 0.12 0.57 � 0.14 0.55 � 0.14 0.03 � 0.02 I
5420 0.41 � 0.33 0.12 � 1.09 0.03 � 0.06 0.07 � 0.11

P. aeruginosa 796 0.02 � 0.04 0.27 � 0.30 0.08 � 0.01 0.02 � 0.01 I
956 0.25 � 0.24 0.01 � 0.19 0.35 � 0.37 0.52 � 0.38 I

1019 0.13 � 0.11 0.08 � 0.08 0.03 � 0.01 0.05 � 0.29 I
1037 0.52 � 0.18 1.17 � 0.19 1.66 � 0.47 1.81 � 0.41 I

CPT � TIG E. coli 5401 0.12 � 0.08 0.45 � 0.78 0.02 � 0.11 0.13 � 0.07 I
5411 0.23 � 0.11 0.17 � 0.09 0.08 � 0.15 0.01 � 0.02 I

K. pneumoniae 5427 0.32 � 0.07 0.59 � 0.02 0.62 � 0.59 0.25 � 0.31 I
5436 0.13 � 0.16 0.40 � 0.52 0.22 � 0.17 0.03 � 0.02 I

E. cloacae 4073 0.05 � 0.06 0.43 � 0.00 0.95 � 0.00 0.14 � 0.03 I
5420 0.13 � 0.11 0.15 � 0.11 0.08 � 0.08 0.10 � 0.12 I

P. aeruginosa 796 0.05 � 0.03 0.48 � 0.08 0.01 � 0.03 0.17 � 0.28 I
956 0.12 � 0.06 0.22 � 0.28 0.28 � 0.07 0.33 � 0.38 I

1019 0.00 � 0.02 0.10 � 0.11 0.11 � 0.01 0.14 � 0.16 I
1037 0.10 � 0.03 0.06 � 0.31 1.07 � 0.25 0.54 � 0.12 I

a The starting inoculum used was �106 CFU/ml. Abbreviations: CPT, ceftaroline; AMK, amikacin; TAZ, tazobactam; MEM, meropenem; ATM, aztreonam; LEV,
levofloxacin; CPM, cefepime; TIG, tigecycline.

b S, synergy; I, indifference.
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meropenem and tazobactam were not evaluated. The combi-
nation of ceftaroline plus meropenem was also synergystic against
the only ESBL-producing K. pneumoniae tested, but amikacin,
aztreonam, and levofloxacin were not investigated (30).

Some limitations for this work can be pointed out. First, we
used antimicrobials at a single sub-MIC level equal to one-
fourth the MIC for both agents. Synergy or antagonism might
occur at different concentrations, and further investigations are
therefore warranted to clarify the potential for synergy of
ceftaroline in combination. Additionally, although we evalu-
ated strains exhibiting different susceptibility levels for all an-
timicrobials, this study provides merely preliminary data and
additional experiments would be of benefit. Finally, another
limitation of this study might be the potential instability of the
drugs tested. Although it is not usual to take this into account
for a such short-term experiment, degradation of a drug might
explain the absence of in vitro synergy for several combina-
tions. Further investigations would therefore clarify the role of

degradation in the in vitro activities of several combined treat-
ments.

Conclusions. These studies demonstrated the potential ben-
efit for use of combination therapy for extending the spectrum
of in vitro activity of ceftaroline against multidrug-resistant
gram-negative pathogens. In the present work, several antimi-
crobials, including aminoglycosides or �-lactamase inhibitors
such as tazobactam, led to synergistic effects in combination
with ceftaroline, and none of them demonstrated antagonistic
effects. Although the mechanisms that contribute to synergy
are not well understood and the fact that combination therapy
remains a debated topic, it appears to be used often in clinical
practice, especially during treatment of polymicrobial infec-
tions. Based on our findings, further studies of drug combina-
tions with ceftaroline, including in vivo studies in animal mod-
els, are warranted to better understand the potential utility for
ceftaroline combination therapy against resistant gram-nega-
tive pathogens.

FIG. 1. Synergistic combinations observed in time-kill experiments using drugs at one-fourth the MIC, or 4 mg/liter for tazobactam. Results for
each time-kill curve are presented as the mean log10 CFU/ml � the standard deviation at each time point for two ESBL-producing E. coli (A),
two ESBL-producing K. pneumoniae (B), two AmpC-derepressed E. cloacae (C), and three P. aeruginosa (D) isolates (796, 956, 1019). Symbols:
-● -, growth control; -�-, ceftaroline; -E-, meropenem; -‚-, ceftaroline plus meropenem; -f-, tazobactam; -�-, ceftaroline plus tazobactam; -}-,
amikacin; -�-, ceftaroline plus amikacin; � � � ● � � � , aztreonam; � � � E � � � , ceftaroline plus aztreonam. The straight dotted line at the bottom
of each graph shows the limit of detection.
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