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Ceftazidime-avibactam is a �-lactam �-lactamase inhibitor combination under investigation for the treatment of serious Gram-
negative infections. When combined with avibactam, a novel non-�-lactam �-lactamase inhibitor, ceftazidime has activity
against isolates that produce Ambler class A, class C, and some class D �-lactamases. However, little is known of the in vivo effi-
cacy of the combination against these targeted ceftazidime- and carbapenem-resistant Enterobacteriaceae. Using humanized
exposures in the murine thigh model, we evaluated the efficacy of ceftazidime-avibactam against Enterobacteriaceae exhibiting
MICs of >8 �g/ml to aid in the assignment of interpretive susceptibility criteria. Eighteen clinical Enterobacteriaceae isolates,
including nine carbapenem-resistant strains, were evaluated against ceftazidime-avibactam (2,000 mg/500 mg) as a 2-h infusion
every 8 h. To highlight the impact of avibactam, 13 select isolates were tested in the neutropenic model against a humanized regi-
men of 2,000 mg ceftazidime every 8 h (2-h infusion). Additionally, nine isolates were evaluated in immunocompetent animals.
The efficacy was evaluated as the change in log10 CFU compared with that of 0-h controls after 24 h. The vast majority (17/18,
94%) of the isolates were resistant to ceftazidime alone. The ceftazidime monotherapy failed to have activity against 10 of 13 iso-
lates, while ceftazidime-avibactam produced reductions in bacterial density against 16 of 18 isolates. Ceftazidime-avibactam
(2,000 mg/500 mg) every 8 h (2-h infusion) displayed dependable activity against the Enterobacteriaceae isolates, exhibiting
MICs of <16 �g/ml (free drug concentration above the MIC [fT>MIC] of >62%) and variable activity was noted at an MIC of 32
�g/ml (fT>MIC of 34%). The presence of a functioning immune system enhanced the efficacy for both regimens against all tested
isolates. These data support further examination of the use of ceftazidime-avibactam as an effective therapy against infections
due to Gram-negative infections, including carbapenem-resistant Enterobacteriaceae.

Antimicrobial resistance among Gram-negative bacilli is a
growing problem around the world, complicating the treat-

ment of many severe hospital infections (1). Infections with or-
ganisms possessing resistance mechanisms severely limit the
number of viable therapeutic options, resulting in poor patient
outcomes and increased health care costs (2). A recent CDC report
on antibiotic resistance in the United States classified carbap-
enem-resistant Enterobacteriaceae (CRE) and extended-spectrum
�-lactamase (ESBL)-producing Enterobacteriaceae as “urgent”
and “serious” threats to the country, respectively (3).

Ceftazidime (CAZ) is an advanced-generation cephalospo-
rin with reliable activity against susceptible Enterobacteriaceae
strains. However, the increasing prevalence of ESBL and carbap-
enemase production among Enterobacteriaceae, such as Klebsiella
pneumoniae carbapenemases (KPCs), diminishes the clinical util-
ity of ceftazidime. In a recent surveillance study of resistance
among isolates in the United States, 6% of K. pneumoniae isolates
were carbapenem nonsusceptible, of which approximately 90%
possessed blaKPC (4). Avibactam (AVI), a non-�-lactam �-lacta-
mase inhibitor with activity against a wide variety of �-lactamase-
mediated resistance mechanisms, greatly improves the in vitro ac-
tivity of ceftazidime against Enterobacteriaceae, including those
that produce KPC (5–8). Recent in vivo murine infection studies
have suggested that the median patient pharmacokinetics of cef-
tazidime-avibactam (2 g/0.5 g) every 8 h administered as a 2-h
infusion would have activity against Pseudomonas aeruginosa iso-
lates with MICs of �16 �g/ml and a dilution above the MIC that
inhibited �90% of the organisms (MIC90) of 8 �g/ml (9–12).

However, in vivo efficacy data of ceftazidime-avibactam against
the KPC genotype exist for only two KPC K. pneumoniae
isolates, for which the pharmacokinetic exposures were not hu-
manized (8).

Given the rising rates of resistance among Gram-negative
pathogens and the increasing occurrence of carbapenem-resistant
Enterobacteriaceae in a number of common infections, under-
standing the pharmacodynamic profiles against a distribution of
relevant MICs is essential for determining the susceptibility break-
points for novel therapies. Unlike the various enzymatic (e.g.,
AmpC �-lactamases) and mutational (e.g., porin channel and ef-
flux pumps) mechanisms of resistance expressed by P. aeruginosa
isolates, Enterobacteriaceae species often possess a variety of dif-
ferent classes of �-lactamase enzymes that warrant in vivo evalu-
ation. To further delineate the impact of avibactam, humanized
doses of ceftazidime as monotherapy and in combination with
avibactam were tested against a collection of contemporary highly
ceftazidime- and carbapenem-resistant clinical Enterobacteriaceae
isolates. The aim of this study was to assess the efficacy of ceftazi-
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dime-avibactam against Enterobacteriaceae isolates with MICs of
�8 �g/ml to provide in vivo observations that will aid in the de-
termination of optimal susceptibility test interpretive criteria for
ceftazidime-avibactam in humans and determine its potential role
in the treatment of serious infections.

MATERIALS AND METHODS
Antimicrobial test agents. Commercially available ceftazidime (lot
104452C; Sandoz Inc., Princeton, NJ, USA) was obtained for the Hartford
Hospital Pharmacy Department and utilized for all in vivo studies, while
analytical-grade avibactam was provided by AstraZeneca Pharmaceuticals
(Waltham, MA, USA). Commercial vials of ceftazidime were reconsti-
tuted according to the manufacturer’s specifications and diluted as appro-
priate to achieve the desired concentrations; analytical avibactam powder
was used in a quantity sufficient to achieve the desired concentrations and
reconstituted immediately prior to use.

Bacterial isolates. A total of 18 clinical Enterobacteriaceae isolates (2
Enterobacter aerogenes, 3 Enterobacter cloacae, 1 Klebsiella oxytoca, 8 Kleb-
siella pneumoniae, 1 Proteus mirabilis, 1 Providencia stuartii, and 2 Serratia
marcescens) and 2 P. aeruginosa isolates (ceftazidime-avibactam MICs of 4
and 8 �g/ml) were provided by International Health Management Asso-
ciates, Inc. (Schaumburg, IL, USA), JMI Laboratories (North Liberty, IA,
USA), Michael Huband (AstraZeneca Pharmaceuticals), and the Center
for Anti-Infective Research and Development (Hartford, CT, USA).

Susceptibility testing. The MICs of ceftazidime and ceftazidime-
avibactam were determined for each isolate using the broth microdilution
methodology as outlined by the Clinical and Laboratory Standards Insti-
tute (CLSI) (13). For ceftazidime-avibactam, doubling dilutions of cefta-
zidime were utilized in combination with a fixed 4 �g/ml concentration of
avibactam. Staphylococcus aureus ATCC 29213 and ESBL-producing K.
pneumoniae ATCC 700603 were used as quality control strains for cefta-
zidime-avibactam. The MIC studies were conducted in a minimum of 5
replicates, and the modal MIC was reported.

Neutropenic thigh infection model. Pathogen-free, female ICR mice
weighing approximately 25 g were acquired from Harlan Sprague Dawley,
Inc. (Indianapolis, IN) and utilized throughout these experiments. This
study was reviewed and approved by the Hartford Hospital Institutional
Animal Care and Use Committee. Animals were maintained and used in
accordance with the National Research Council recommendations and
provided food and water ad libitum. The mice were rendered neutropenic
with 100 and 150 mg/kg of body weight intraperitoneal injections of cy-
clophosphamide (Cytoxan; Bristol-Myers Squibb, Princeton, NJ) given 1
and 4 days prior to inoculation, respectively. Three days prior to inocula-
tion, the mice were also given a single 5-mg/kg intraperitoneal injection of
uranyl nitrate, which produces a predictable degree of renal impairment,
to aid in humanizing the drug regimens (14). Two hours prior to the
initiation of antimicrobial therapy, each thigh was inoculated intramus-
cularly with 0.1 ml of a solution containing approximately 107 CFU/ml of
the test isolate. To confirm active �-lactamase production at the initiation
of each study, the zone diameter of inhibition was determined for a cef-
tazidime (30 �g)-containing disc (Sensi-Disc; BD, Sparks, MD) on a lawn
of growth of each test isolate made from the same plate used for the
inoculum preparation.

Immunocompetent thigh infection model. The mice utilized in the
immunocompetent studies underwent the same procedures as outlined
above, except that cyclophosphamide was not given and an inoculum of
108 CFU/ml was used to produce the thigh infection.

Confirmatory pharmacokinetic studies. A previously validated hu-
manized regimen in mice that simulated the median free drug concen-
tration above the MIC [fT�MIC] profile observed in humans given
2,000 mg ceftazidime every 8 h as a 2-h infusion as monotherapy or
combined with 500 mg avibactam every 8 h as a 2-h infusion as devel-
oped by our group was used in the current investigation (Table 1) (9).
For the free drug calculations, the protein binding values for ceftazi-
dime were 26% for mice and 15% for humans (15, 16). For avibactam,

10% and 8% were used for mice and humans, respectively (data on file,
AstraZeneca). Briefly, as previously reported (9), this regimen was
developed first using single-dose studies with ceftazidime-avibactam
and ceftazidime alone in thigh infections of neutropenic mice. After
pharmacokinetic characterization of the single doses, these data were
used to determine the regimens in mice that simulated the free drug
exposure profile seen in humans for ceftazidime-avibactam and cefta-
zidime alone as noted above. These studies were conducted over the
first interval (i.e., 8 h) for ceftazidime, while ceftazidime-avibactam
studies were conducted for all 3 treatment intervals (i.e., 24 h). Con-
firmatory studies were also undertaken in the immunocompetent an-
imals to ensure similar exposures. In the current analysis, to confirm
that target exposures of ceftazidime were achieved, pharmacokinetic
studies of human-simulated regimens of ceftazidime alone and in
combination with avibactam were conducted prior to the use of these
regimens in the pharmacodynamic analyses. Since the same fixed-dose
combination of ceftazidime-avibactam was used as previously devel-
oped and published (9), pharmacokinetic exposures were confirmed
for ceftazidime only to ensure that similar exposures were provided.
Briefly, the infected neutropenic mice were administered the human-
ized regimens, and a group of six mice were euthanized at multiple
time points throughout the dosing interval of each regimen. Blood
samples were collected via cardiac puncture, and serum samples were
stored at �80°C until analysis. Ceftazidime concentrations were ana-
lyzed at the Center for Anti-Infective Research and Development
(Hartford, CT) using a high-performance liquid chromatography as-
say (17). Exposures of ceftazidime and avibactam were also confirmed
using an internal microbiological response control (see below).

In vivo efficacy. A total of 18 Enterobacteriaceae isolates were assessed
in the efficacy studies. Additionally, two previously studied P. aeruginosa
isolates were evaluated in the neutropenic studies for internal validation
and quality control utilizing the humanized ceftazidime-avibactam and
ceftazidime regimens to confirm pharmacodynamics similar to those pre-
viously reported (9). All 20 isolates were evaluated against ceftazidime-
avibactam, while 15 select isolates (13 Enterobacteriaceae and 2 P. aerugi-
nosa) were also tested against ceftazidime alone to highlight the
pharmacologic effect of avibactam. Nine of the Enterobacteriaceae isolates
were also utilized against both regimens in the immunocompetent studies
(denoted in Table 2). Beginning 2 h after inoculation, groups of 3 mice
were administered human-simulated regimens of ceftazidime or ceftazi-
dime-avibactam. All doses were administered as 0.2-ml subcutaneous in-
jections and consisted of three 8-h dosing intervals (i.e., 24 h). To serve as
control animals, an additional group of 3 mice were administered normal
saline at the same volume, route, and frequency as those for the treatment
regimen. Thighs from all animals were harvested 24 h after the initiation
of therapy; mice that failed to survive for 24 h were harvested at the time of
expiration. The harvesting procedure for all study mice began with eutha-

TABLE 1 fT�MIC profiles for ceftazidime at 2 g every 8 h (2-h infusion)
as monotherapy and in combination with avibactam at 500 mg (2-h
infusion) in mice and humansa

MIC (mg/liter)

Ceftazidime ƒT�MIC (%) inb:

Humans (CAZ-AVI) Mice (CAZ) Mice (CAZ-AVI)

4 100 100 99
8 96 87 88
16 63 58 62
32 24 28 34
64 0 0 0
a Adapted from reference 9. Ceftazidime ƒT�MIC (%) for CAZ and CAZ-AVI regimens
were derived from a previous study in neutropenic mice (9). In that study, target
concentrations and exposures were similar between immunocompetent and
neutropenic animals (data not shown).
b CAZ-AVI, ceftazidime-avibactam; CAZ, ceftazidime.
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nization by CO2 exposure followed by cervical dislocation. After sacrifice,
thighs were removed and individually homogenized in normal saline.
Serial dilutions of the thigh homogenate were plated on Trypticase soy
agar with 5% sheep blood for CFU determination. In addition to the
above-mentioned treatment and control groups, another group of 3 in-
fected, untreated mice were harvested at the initiation of dosing and
served as 0-h controls. For neutropenic studies, efficacy, designated as the
change in bacterial density, was calculated as the change in log10 bacterial
CFU obtained for treated mice after 24 h from that of starting densities
observed in 0-h control animals. To control for the impact of the host and
resulting variability in 24-h control bacterial densities between isolates,
efficacy in the immunocompetent model was calculated as the change in
log10 CFU obtained for treated mice after 24 h relative to that for the 24-h
immunocompetent control mice. Animals with bacterial densities outside
of 1.5 times the interquartile range were identified as outliers and ex-
cluded from the group averages (18). For the 18 Enterobacteriaceae isolates
(ceftazidime-avibactam MICs of 8 to 32 �g/ml), a phenotypic assess-
ment of the in vivo resistance development was conducted by plating
the 24-h thigh homogenates from ceftazidime-avibactam-treated ani-
mals on Mueller-Hinton agar plates containing ceftazidime concen-
trations three doubling dilutions higher than the starting MIC of the
isolate and a fixed avibactam concentration of 4 �g/ml and incubating
overnight. The genesis for these resistance development studies was
due to resistant mutants observed on ceftazidime-avibactam drug-
containing plates from an in vitro hollow-fiber efficacy study of cefta-
zidime-avibactam (2 g/0.5 g) against P. aeruginosa isolates at the same
starting inoculum of 106 CFU/ml (9).

RESULTS
Bacterial isolates. The phenotypic and genotypic profiles of the 18
clinical Enterobacteriaceae and 2 P. aeruginosa isolates included in

the efficacy studies are shown in Table 2. There was limited vari-
ability among the five individual MIC replicates; thus, the modal
MIC is reported. The �-lactamase genotype was known for 12 of
the isolates.

Confirmation of pharmacokinetics. The free drug pharmaco-
kinetic profiles determined in vivo for 2 g ceftazidime when given
alone and in combination with 500 mg avibactam are shown in
Fig. 1. The ceftazidime concentration-time profile resulted in tar-
gets similar to those in previous studies (9). The regimen for cef-
tazidime-avibactam consisted of 8 doses during the 24-h interval
(CAZ-AVI [mg/kg]): 7/0.9, 20/2.5, 7.5/1.25, 1/0.1, 13/1.6, 5/0.8,
13/1.6, and 5/0.8 given at 0 h, 0.75 h, 2.25 h, 4 h, 8.75 h, 10.25 h,
16.75 h, and 18.25 h, respectively, while the ceftazidime regimen
consisted of 13 doses during the 24-h interval (CAZ [mg/kg]) 4.5,
16, 13, 4.5, 3, 16, 13, 4.5, 3, 16, 13, 4.5, and 3 given at 0 h, 0.75 h,
2.25 h, 4 h, 6 h, 8.75 h, 8 h, 10.25 h 12 h, 14 h, 16.75 h, 18.25 h, 20
h, and 22 h, respectively (9).

In vivo efficacy. During neutropenic studies, 0-h control mice
displayed a mean (� standard deviation [SD]) bacterial density of
5.96 � 0.30 log10 CFU, which increased to an average of 9.29 �
0.86 log10 CFU in untreated mice after 24 h. During neutropenic
studies, 10 out of 54 (18%) of the 24-h control animals failed to
survive to 24 h due to the aggressive virulence of the isolates;
thighs of these mice had bacterial densities similar to those of
animals that survived and therefore were included in the data
analysis. The mean bacterial density in control animals during
immunocompetent studies was 7.36 � 0.16 log10 CFU/ml at 0 h
and 7.35 � 1.22 log10 CFU after 24 h. Three 24-h control and two

TABLE 2 Phenotypic and genotypic data for the 18 Enterobacteriaceae and 2 P. aeruginosa isolates utilized during the in vivo efficacy studiesa

External
isolate no. CAIRDa isolate no.

Modal MIC (�g/ml) forb:

�-Lactamase genotype(s)

Isolate(s) utilized in efficacy studyc

CAZ-AVI CAZ Meropenem CAZ-AVI I� CAZ I�

CAZ-AVI,
CAZ I�

NAd P. aeruginosa 22 4 64 16 NDe X
3610 P. aeruginosa 1388 8 128 �8 AmpCf X
853469 S. marcescens 80 8 8 �8 AmpC X X
3083 S. marcescens 82 8 64 �0.125 ND X X
845662 K. pneumoniae 479 8 �128 �8 SHV-11, KPC-3, OXA-9g X X X
864091 K. pneumoniae 486 8 �128 �8 SHV-11, KPC-2, OXA-9,g TEM-1 X X
249 K. pneumoniae 496 8 �128 �8 KPC-3, SHV-12, TEM-1, OXA-9g X
2930 E. cloacae 77 8 �128 0.5 ND X X X
871361 E. aerogenes 50 8 �128 0.5 ND X X X
845664 K. pneumoniae 480 16 �128 �8 SHV-11, KPC-3, TEM-1 X X X
867822 K. pneumoniae 487 16 �128 �8 SHV-11, KPC-3, OXA-9,g TEM-1 X X X
883540 K. pneumoniae 493 16 �128 0.25 SHV-11, CTX-M-15, OXA-1, OXA-48, TEM-1 X X X
847537 K. oxytoca 87 16 �128 �8 ND X X X
847750 E. cloacae 74 16 �128 0.25 AmpC, OXA-1, OXA-9, PER-2, TEM-1 X
43399 E. cloacae 78 16 �128 8 ND X X X
ARC3726 P. stuartii 58 16 �128 0.0625 AmpC, SCO-1, ACC-4, TEM-1 (partial) X
869917 K. pneumoniae 489 32 �128 0.0625 SHV-11, TEM-1, OXA-1, CTX-M-15, ACC-4 X X X
43475 K. pneumoniae 497 32 64 2 ND X X
875448 E. aerogenes 51 32 �128 0.125 AmpC, CTX-M-27 X X X
856743 P. mirabilis 19 32 64 4 ND X
a CAIRD, Center for Anti-Infective Research and Development.
b CAZ-AVI, ceftazidime-avibactam; CAZ, ceftazidime.
c I�, neutropenic; I�, immunocompetent.
d NA, not applicable.
e ND, no data (isolates were characterized phenotypically only).
f Derepressed, as judged by a qualitative phenotypic nitrocefin hydrolysis test.
g OXA-9 but containing an in-frame termination codon.
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ceftazidime monotherapy mice failed to survive to 24 h during the
immunocompetent studies. No ceftazidime-avibactam-treated
animals succumbed to infection. The results of the neutropenic
studies are shown in Fig. 2; note that Table 2 shows the isolates
against which the ceftazidime monotherapy was not studied. Con-
sistent with the elevated in vitro MICs, the ceftazidime mono-
therapy produced reductions in bacterial density after 24 h against
3 (23%) of the 13 Enterobacteriaceae isolates tested. The ceftazi-
dime-avibactam therapy resulted in reductions in bacterial den-
sity of 0.48 to 3.33 log10 CFU against 13 of 14 isolates with cefta-

zidime-avibactam MICs of �16 �g/ml (fT�MIC of �62%),
including 6 out of 7 isolates with ceftazidime-avibactam MICs of 8
�g/ml and all 7 isolates with ceftazidime-avibactam MICs of
16 �g/ml. Against isolates with ceftazidime-avibactam MICs of 32
�g/ml (fT�MIC of 34%), the efficacy of ceftazidime-avibactam was
shown in 3 of 4 isolates. There was no growth observed after plat-
ing of the direct homogenate on ceftazidime-avibactam drug-
containing plates, denoting no development of in vivo resistance
to ceftazidime-avibactam. Overall, the ceftazidime-avibactam ef-
ficacy was enhanced at all MICs in the immunocompetent model,
as depicted in Fig. 3, including the two isolates (E. cloacae 77 and E.
aerogenes 51) that failed to show bactericidal responses in the neu-
tropenic studies.

Of note, to ensure internal consistency of the humanized reg-
imens, the in vivo efficacy studies with two P. aeruginosa isolates
(22 and 1388) from the previous work by our group were repeated
(9). The observed bacterial reductions were comparable to histor-
ical data for both ceftazidime-avibactam and ceftazidime alone
against these two isolates, as shown in Fig. 4.

DISCUSSION

The utility of ceftazidime, a commonly prescribed third-gen-
eration cephalosporin with a broad spectrum of activity, well-
characterized pharmacokinetic profile, and proven safety
record, has been reduced due to the global spread of Gram-
negative bacilli producing �-lactamases such as ESBLs, KPCs,
and metallo-�-lactamases (MBLs) (19). However, the addition
of the novel non-�-lactam �-lactamase inhibitor avibactam
has been shown to effectively improve the activity of the parent
cephalosporin against many of these contemporary Gram-neg-
ative resistance mechanisms (7, 20, 21). This antibiotic combi-
nation is currently in phase III trials to evaluate its efficacy in
the treatment of complicated intra-abdominal infections (cIAI)

FIG 1 Free drug concentration-time profile of 2 g ceftazidime (CAZ) in
humans and mice alone and in combination with 500 mg avibactam (CAZ-
AVI) compared with historical data (9). Symbols and error bars represent
means � standard deviations.

FIG 2 Change in log10 CFU for human-simulated regimens of ceftazidime-
avibactam (CAZ-AVI) and ceftazidime (CAZ) alone at 24 h relative to that for
0-h controls for a collection of Enterobacteriaceae isolates tested in neutropenic
studies. Error bars represent standard deviations. SM, Serratia marcescens; KP,
Klebsiella pneumoniae; ECL, Enterobacter cloacae; EA, Enterobacter aerogenes;
KO, Klebsiella oxytoca; PS, Providencia stuartii; PM, Proteus mirabilis.

FIG 3 Change in log10 CFU for human-simulated regimens of ceftazidime-
avibactam (CAZ-AVI) and ceftazidime (CAZ) alone at 24 h relative to that for
24-h controls for Enterobacteriaceae isolates tested in immunocompetent stud-
ies. Error bars represent standard deviations.
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and complicated urinary tract infections, hinging on promising
phase II findings (22, 23), as well as hospital-acquired pneumonia.
In the current study, a humanized regimen of 2 g ceftazidime
combined with 500 mg avibactam was evaluated against a collec-
tion of clinical Enterobacteriaceae isolates exhibiting MICs of �8
�g/ml to provide support for the susceptibility test interpretive
criteria for ceftazidime-avibactam. As predicted based on fT�MIC

targets identified for cephalosporins in previous murine infection
models (24, 25), ceftazidime-avibactam was active against the ma-
jority of these �-lactamase-producing strains, including a large
collection of KPC-producing strains that rendered the ceftazidime
monotherapy ineffective.

With the use of ceftazidime alone as a comparator, the addition
of avibactam dramatically improved the potency of ceftazidime in
vitro against the evaluated Enterobacteriaceae isolates by several
dilutions (MICs for ceftazidime alone, 8 to �128 �g/ml versus
ceftazidime-avibactam MICs of 8 to 32 �g/ml), a finding consis-
tent with the results of other published literature reports. Of 8,640
contemporary Enterobacteriaceae isolates collected from 73 U.S.
hospitals, ceftazidime-avibactam inhibited 99.8% at MICs of �4
�g/ml (26). Similarly, a recent evaluation of 72 U.S. hospitals
from 2012 noted a diverse and increasing prevalence of �-lacta-
mase production among Enterobacteriaceae (27). Of the 118 KPC-
producing isolates identified in that study, the ceftazidime MIC50

was �32 �g/ml, while the ceftazidime-avibactam MIC50/MIC90

was 0.5/2 �g/ml. Likewise, against CTX-M-15 producers, the
most common ESBL phenotype in the United States, MIC50/
MIC90 for ceftazidime and ceftazidime-avibactam were 16/�32
�g/ml and 0.12/0.5 �g/ml, respectively (27). Moreover, of the 136
Enterobacteriaceae pathogens isolated from the cIAI phase II trial
with accompanying MIC data, only 3 isolates (2.2%) had ceftazi-
dime-avibactam MICs of �8 �g/ml (22). So while the purpose of
the current study was to understand the ceftazidime-avibactam
efficacy against organisms that test with MICs of �8 �g/ml, as

evident by recent surveillance data and the pathogens isolated
from patients in phase II trials, the MICs of the isolates used in this
study represent the most challenging and are likely to be seen only
rarely in current clinical practice.

To highlight the impact of avibactam in vivo, we assessed the
activity of ceftazidime alone (2 g every 8 h as a 2-h infusion)
against a majority of the tested isolates. As this regimen provided
0% fT�MIC at an MIC of 128 �g/ml, it was not unexpected that
ceftazidime alone was unable to achieve activity against any of the
10 isolates with ceftazidime MICs of �128 �g/ml. Against the
same isolates, ceftazidime in combination with avibactam showed
enhanced activity, consistent with the phenotypic profile. In neu-
tropenic studies, reliable efficacy was observed with ceftazidime-
avibactam at MICs of �16 �g/ml (fT�MIC of �62%), with vari-
able activity against isolates with ceftazidime-avibactam MICs of
32 �g/ml (fT�MIC of 34%). These findings are consistent with the
established fT�MIC targets for cephalosporins (50 to 70% fT�MIC)
to be predictive of in vivo efficacy (25). The pharmacodynamic
target for avibactam is less well defined and may require a
critical threshold concentration (28, 29). However, the con-
centrations of ceftazidime and avibactam in the current study
mimicked the human exposures profiles of each compound,
suggesting that the 500-mg dose of avibactam is sufficient to
restore the efficacy of ceftazidime. To that end, the pharmaco-
dynamic exposures of ceftazidime-avibactam noted to be pre-
dictive of efficacy against Enterobacteriaceae isolates in the cur-
rent study were the same targets that were identified for P.
aeruginosa, where reliable activity was observed at MICs of �16
�g/ml (fT�MIC of �62%) with variable efficacy at an MIC of 32
�g/ml (34% fT�MIC) (9). Of note, with the benefit of functioning
granulocytes, ceftazidime-avibactam resulted in a reduction in
bacterial density against the lone strain with a ceftazidime-avibac-
tam MIC of 8 �g/ml (E. cloacae 77) that failed to show activity in
the neutropenic model.

FIG 4 Results of the in vivo efficacy studies utilizing the ceftazidime (CAZ) and ceftazidime-avibactam (CAZ-AVI) regimens at 24 h relative to those for 0-h
controls in the neutropenic thigh infection model against two Pseudomonas aeruginosa isolates compared with historical data (9).
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Using the murine thigh infection model, we found evidence
that the addition of avibactam to ceftazidime reestablishes its ac-
tivity against highly resistant Enterobacteriaceae producing a vari-
ety of �-lactamases, including a sizeable collection of KPC-pro-
ducing strains. With the increasing occurrence of �-lactamase
production among clinical infections and few therapeutic options
available, our observations support the use of ceftazidime-avibac-
tam (2 g/0.5 g) as a 2-h infusion every 8 h, the median patient
pharmacokinetics of which were active in this neutropenic mouse
simulation model against Enterobacteriaceae isolates with MICs as
high as 16 �g/ml. Future investigations should focus on the clin-
ical applicability of these findings.
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