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The emergence of the New Delhi metallo-�-lactamase (NDM) among Enterobacteriaceae has become a global concern because of
its high levels of in vitro resistance to nearly all available antibiotics. However, recent in vivo studies demonstrated the efficacies
of carbapenems against NDM-1-producing isolates despite high MICs. Herein, we report in vivo findings with ceftazidime and
ceftazidime-avibactam against an isogenic pair (wild type and NDM-1) and four clinical NDM-producing isolates that demon-
strate discordance between MICs measured in vitro and the in vivo activity of ceftazidime-avibactam against this resistant
genotype.

Over the past decade, Gram-negative bacteria that produce
carbapenemases, enzymes that efficiently hydrolyze carbap-

enems and other �-lactams, have emerged throughout the United
States and globally (1, 2). More recently, and increasingly trouble-
some, the carbapenemase New Delhi metallo-�-lactamase (NDM)
has been a more common occurrence. This is a challenging geno-
type for clinicians to treat, as few antimicrobial agents maintain in
vitro potency against it, and novel agents with activity against it
have yet to become available (3, 4). Moreover, agents stable to
NDM hydrolysis (i.e., aztreonam) are often hydrolyzed by other
�-lactamases (i.e., CTX-M type, CMY type, etc.) that are fre-
quently coproduced by NDM-producing strains (4). While the
novel non-�-lactam �-lactamase inhibitor avibactam has been
shown to restore the in vitro potency of ceftazidime against Am-
bler class A and C (and some class D) �-lactamases, the combina-
tion of ceftazidime and avibactam displays high MICs in vitro
against Enterobacteriaceae isolates that produce metallo-�-lacta-
mases, such as NDM (5–7). Of note, previous work conducted by
our group with carbapenems raised a question about the potencies
of these NDM enzymes in vivo (8, 9). Contrary to the observed in
vitro resistance, human simulated doripenem and ertapenem reg-
imens demonstrated in vivo efficacies against isogenic and clinical
NDM-1-producing isolates in a murine thigh infection model.
The aim of the current study was to further elucidate the impact of
NDM-type metallo-�-lactamase production on the in vivo effica-
cies of humanized exposures of ceftazidime-avibactam and cefta-
zidime alone.

Commercially available ceftazidime for injection (Sandoz,
Inc.) was used for all in vivo experimentation. Analysis-grade
avibactam was supplied by AstraZeneca Pharmaceuticals. Drug-
dosing solutions were diluted in 0.9% normal saline (NS), stored
refrigerated until the time of use, and discarded after 24 h.

Six Enterobacteriaceae isolates (3 Escherichia coli and 3 Kleb-
siella pneumoniae) were used for the in vivo studies, including a
wild-type K. pneumoniae strain (454), a derived isogenic strain
harboring an NDM-1 plasmid (10, 11), and four other clinical
NDM-producing strains. Ceftazidime and ceftazidime-avibactam
MICs were determined in quintuplicate by broth microdilution in

accordance with CLSI guidelines (12). Additionally, the MIC of
avibactam alone was determined for each isolate.

The protocol was reviewed and approved by the Hartford Hos-
pital Institutional Animal Care and Use Committee. The well-
described murine neutropenic thigh infection model employed by
our group, based on early work by Harry Eagle (13, 14), was used
to determine efficacy. Briefly, pathogen-free female ICR mice
weighing approximately 20 to 22 g were rendered transiently neu-
tropenic with 100- and 150-mg/kg of body weight intraperitoneal
injections of cyclophosphamide given 1 and 4 days prior to inoc-
ulation, respectively. Three days prior to inoculation, the mice
were given a single 5-mg/kg intraperitoneal injection of uranyl
nitrate. To verify �-lactamase production, the zone diameter of
inhibition was determined on a disc (BD Sensi-Disc) containing
ceftazidime (30 �g) on a lawn growth of each isolate made from
the same plate used for inoculum preparation.

The thigh of each mouse was inoculated with a 0.1-ml solution
containing approximately 107 CFU/ml; 2 h later, groups of three
mice were administered 2,000 mg of human simulated regimens
of ceftazidime every 8 h (2-h infusion) or 2,000/500 mg of cefta-
zidime-avibactam every 8 h (2-h infusion) for 24 h as previously
described by our group for the murine thigh infection model (13).
Pharmacokinetic studies were performed and confirmed that the
concentrations we obtained were similar to those previously re-
ported (data not shown). Control animals were administered nor-
mal saline at the same volume, route, and frequency as those of the
ceftazidime regimen. Untreated control mice were sacrificed just
prior to the initiation of therapy (0 h), while the treatment and
control mice were sacrificed 24 h after the initiation of therapy.
Serial dilutions of thigh homogenate were plated for the determi-
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nation of bacterial densities. Efficacy, defined as the change in
bacterial density, was calculated as the change in log10 CFU/ml
obtained for treated mice after 24 h compared with that obtained
for the 0-h controls.

The phenotypic and genotypic profiles of the 6 Enterobacteri-
aceae isolates are listed in Table 1. The ceftazidime and ceftazi-
dime-avibactam MICs for all of the NDM-producing isolates were
�128 �g/ml. The mean (� standard deviation) bacterial density
for the 0-h control mice at the start of dosing was 5.96 � 0.20 log10

CFU/ml, and it increased to 8.49 � 1.35 log10 CFU/ml after 24 h.
As anticipated, the ceftazidime and ceftazidime-avibactam regi-
mens resulted in a �2-log reduction against the wild-type strain
(K. pneumoniae 454) (Fig. 1). Unexpectedly, CAZ and CAZ-AVI
resulted in 1.4- and 2.6-log reductions against the isogenic strain
with the NDM-1 plasmid (K. pneumoniae 454 plus NDM-1 plas-
mid), respectively. Against the four clinical NDM-producing iso-
lates, ceftazidime-avibactam produced 0.61- to 1.42-log reduc-
tions in antibacterial activity, while ceftazidime alone failed to
show activity against three isolates and showed modest activity
(0.11-log reduction) against K. pneumoniae 449. To confirm these
observations, ceftazidime-avibactam efficacy studies were re-
peated for the four clinical isolates, and the results were nearly
identical (reported as combined data).

Through the use of an isogenic pair and four genotypically
characterized clinical isolates, we were able to ascertain the effi-
cacy of the ceftazidime-avibactam regimen against NDM-produc-
ing Enterobacteriaceae in a murine thigh infection model. A mod-
erate reduction in bacterial density was demonstrated for
ceftazidime alone against the isogenic NDM strain despite an
fT�MIC (percentage of the dosing interval during which free drug
concentrations exceed the MIC) of 0%. Similar to our previous
studies, these data suggest that the in vivo effectiveness of this
enzyme in reducing the antibacterial activity of the compound is
discordant with the observations derived from in vitro MIC testing
(8, 9). However, against the four clinical NDM-producing strains,
all of which were tested with in vitro ceftazidime MIC values of
�128 �g/ml, ceftazidime failed to show activity, likely due to the
coproduction of other �-lactamases (e.g., ESBLs, OXAs), which is
consistent with previously published in vivo observations of other

NDM-producing clinical isolates (4, 9). Conversely, the ceftazi-
dime-avibactam regimen demonstrated activity against all five
NDM-producing strains. While avibactam cannot inhibit NDM,
the compound does inhibit class A and class C �-lactamases (5,
15); thus, it is hypothesized that this observed in vivo potency
signifies that the lone presence of NDM does not in and of itself
result in in vivo resistance to human simulated combined phar-
macokinetics of ceftazidime and avibactam. Similarly, ertapenem
and doripenem were each shown to produce bacterial reductions
against other NDM-producing Enterobacteriaceae clinical isolates
despite unfavorable in vitro MICs (8, 9). Taken collectively, these
data suggest discordance between in vitro potency and in vivo ef-
ficacy for certain �-lactams against NDM-producing Enterobacte-
riaceae. While the exact mechanism for the unexpected in vivo
activity of ceftazidime-avibactam against NDM-producing iso-
lates remains uncertain, a better understanding of this phenome-
non might well have implications for the treatment of organisms
with NDM-mediated resistance. For ceftazidime-avibactam,
while an avibactam control was not utilized, the direct antibacte-
rial activity of avibactam (with MICs of �16 �g/ml) is unlikely to
explain the apparently discordant efficacies, as concentrations of
avibactam have never reached 8 �g/ml in mice (13). Future in
vitro experimentation on the hydrolyzing capability of the NDM-
producing strains or purified NDM enzyme on ceftazidime or
ceftazidime-avibactam may provide insight into the mechanism
responsible for these observations. While high-level �-lactam re-
sistance is an interesting and potentially important observation in
the era of limited therapies for NDM-mediated resistance, in the
absence of genotypic profiling, it may be important to consider
that it may be due to enzyme-mediated (i.e., solely to NDM, other
enzymes, or a combination of the two) and non-enzyme-medi-

TABLE 1 Phenotypic and genotypic profiles of the six
Enterobacteriaceae isolates utilized in the in vivo efficacy studies

Isolate
Known �-lactamase
content (8,16)

AVI MIC
(�g/ml)a

Modal MIC
(�g/ml)b

CAZ-AVI CAZ

K. pneumoniae 454 SHV-1 �64 �0.125 0.25
K. pneumoniae 454

and NDM-1
plasmid

SHV-1, NDM-1 �64 �128 �128

K. pneumoniae 449 CTX-M-15, NDM
type, OXA-1,
TEM-1

�64 �128 �128

E. coli 412 CTX-M-15, NDM-6 16 �128 �128
E. coli 413 NDM-1, SHV-12,

TEM-1
16 �128 �128

E. coli 414 CTX-M-15, NDM
type, OXA-1

16 �128 �128

a AVI, avibactam.
b CAZ-AVI, ceftazidime-avibactam; CAZ, ceftazidime.

FIG 1 Comparative efficacies of human simulated regimens of ceftazidime-
avibactam (CAZ-AVI) and ceftazidime (CAZ) alone against a collection of
clinical NDM-producing Enterobacteriaceae and an isogenic NDM-1 pair in
the neutropenic murine thigh infection model. Bars represent mean � stan-
dard deviation of the results determined for 10 to 11 (CAZ-AVI) or 5 to 6
(CAZ) thighs per treatment group. The lower limit of detection (2.6 log10

CFU/ml) was observed for the CAZ-AVI treatment group against K. pneu-
moniae 454. KP, Klebsiella pneumoniae; EC, Escherichia coli.
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ated resistance mechanisms. Further studies are required to deter-
mine the mechanistic explanation for these findings and whether
they can be applied in the clinical arena.
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