AAC

Journals.ASM.org

Efficacy of Humanized Carbapenem Exposures against New Delhi
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Enterobacteriaceae producing the novel carbapenemase New Delhi metallo-3-lactamase (NDM-1) are emerging worldwide.
While these organisms often display high levels of in vitro resistance to multiple antibiotics, in vivo efficacy data are lacking.
Here, the activities of humanized ertapenem and doripenem exposures were characterized against a wild-type K. pneumoniae
and its derived isogenic strains harboring either an NDM-1 or KPC-2 plasmid in immunocompetent mice. In addition, four clin-
ical isolates expressing NDM-1 were evaluated. Human-simulated regimens of ertapenem at 1 g every 24 h and high-dose, pro-
longed infusion of doripenem at 2 g every 8 h as a 4-h infusion were evaluated over 24 h, and efficacy was determined by the
change in bacterial density compared to that in 24-h growth controls. CFU reductions in bacterial density of greater than 1 log
unit were observed against the wild-type strain as well as the derived isogenic NDM-1 strain, while no reduction was observed
against the derived KPC-2 strain. Postexposure MICs confirmed the in vitro maintenance of the ertapenem resistance marker in
both the NDM-1 and KPC-2 strains. Similar to the case for the isogenically derived NDM-1 strain, bacterial density was reduced
at 24 h against all four clinical NDM-1 isolates showing variable levels of MICs for carbapenems, with near-maximal activity of
both agents occurring when the doripenem MIC was =8 pg/ml. While carbapenem monotherapy does not appear to be an op-
tion against KPC-based infections, these data suggest that carbapenem monotherapy may be a viable option for treating NDM-1-

producing Enterobacteriaceae under certain conditions, and this warrants further in vivo exploration.

N ew Delhi metallo-B-lactamase (NDM-1) is a novel carbapen-
emase that has been isolated from Enterobacteriaceae world-
wide (1, 2). NDM-1-producing strains have the ability to inacti-
vate most (3-lactams and display high levels of in vitro resistance to
multiple antibiotic classes (1, 2). Furthermore, they have the po-
tential to disseminate at an alarming rate, as NDM-1 has most
frequently been isolated from Escherichia coli, a predominantly
community-acquired pathogen (3). Moreover, the gene encoding
NDM-1 is located on a highly mobile genetic element and carries
growth promoters which result in an increased likelihood of gene
transfer to other Gram-negative bacteria (2). Subsequently,
NDM-1 has since been identified in a number of other Enterobac-
teriaceae isolates, including Klebsiella pneumoniae, Enterobacter
spp., Morganella morganii, Citrobacter freundii, and Salmonella
spp. (4, 5) Even more concerning is the fact that it has already
spread to unrelated Gram-negative species, including Acinetobac-
ter baumannii and Pseudomonas aeruginosa (6—10). Furthermore,
most of these NDM-1-producing isolates also possess a number of
other B-lactamase genes and additional genetic elements confer-
ring resistance to other classes of antibiotics (2, 11). Consequently,
many of these organisms are often susceptible only to tigecycline
and colistin and display various levels of carbapenem susceptibil-
ity (3,11, 12).

Currently there is a paucity of in vivo efficacy data for Entero-
bacteriaceae producing NDM-1. When relying on in vitro suscep-
tibility data to guide selection of antimicrobial therapy for NDM-
1-producing organisms, colistin and tigecycline are often the only
two agents with which the organisms maintain reliable suscepti-
bility (12). An in vitro time-kill study demonstrated early bacteri-
cidal activity with colistin and poor activity with tigecycline (13).
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Furthermore, tigecycline was found to be antagonistic when com-
bined with colistin. Despite promising in vitro data with colistin, a
number of case reports describe clinical failures with colistin-
based regimens, or treatment was complicated by the onset of
renal impairment (14-16). This highlights the need for explora-
tion of additional treatment options for managing infections
caused by NDM-1-producing organisms.

Since there is a lack of in vivo and clinical data evaluating car-
bapenem therapy for treatment of infections caused by NDM-1-
producing isolates, the objective of this study was to describe the
efficacy of human-simulated exposures of doripenem at 2 g every
8 h as a 4-h infusion and of ertapenem at 1 g every 24 h against
NDM-1-producing Enterobacteriaceae isolates in a well-validated
murine thigh infection model. The efficacy observed against
NDM-1 (Ambler class B B-lactamase; metallo -lactamase) was
also compared to the efficacy observed against another contem-
porary carbapenemase, K. pneumoniae producing carbapenemase
(KPC) (Ambler class A B-lactamase), using isogenic strains and
was also confirmed using four clinical strains.
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MATERIALS AND METHODS

Antimicrobial test agents. Clinically available ertapenem for injection
(Merck & Co., Inc., Whitehouse Station, NJ) and doripenem for injection
(Ortho-McNeil-Janssen Pharmaceuticals, Inc., Raritan, NJ) were used for
all in vivo studies.

Antimicrobial agents were reconstituted with normal saline according
to the manufacturer’s instructions before each experiment and then fur-
ther diluted to the requisite concentrations for dosing (17, 18). Solutions
were stored under refrigeration until the time of use. Ertapenem solutions
were discarded after 6 h, and doripenem solutions were discarded after 24
h, as recommended by the manufacturer.

Bacterial isolates. A wild-type K. pneumoniae strain (454) and two
derived isogenic strains harboring either an NDM-1 or a KPC-2 plasmid
were utilized. The isogenic strains were obtained by conjugation and
transformation, respectively, using imipenem (2 pg/ml)-containing se-
lection plates (19, 20). Four other clinical NDM-1-producing Enterobac-
teriaceae were also evaluated in the in vivo model. Doripenem and ertap-
enem MICs were determined by Etest (AB bioMérieux, Solna, Sweden)
according to the manufacturer’s specifications. All isolates were stored
frozen at —80°C in double-strength skim milk (Remel, Lenexa, KS). Prior
to beginning each experiment, isolates were subcultured twice onto Tryp-
ticase soy agar with 5% sheep blood (BD Biosciences, Sparks, MD) and
incubated in ambient air at 35°C for 18 to 24 h.

Immunocompetent mouse thigh infection model. This study was
approved by the Institutional Animal Care and Use Committee at Hart-
ford Hospital, Hartford, CT. Pathogen-free ICR mice weighing 20 to 22 g
were acquired from Harlan Laboratories (Indianapolis, IN). All animals
were maintained in accordance with National Research Council recom-
mendations and were given food and water ad libitum. An intraperitoneal
injection of uranyl nitrate (5 mg/kg) was given 3 days prior to inoculation
to induce a predictable degree of renal impairment by slowing drug clear-
ance (21). Prior to the initiation of either ertapenem or doripenem ther-
apy, both thighs of all animals were inoculated intramuscularly with 0.1
ml of a 10%-CFU/ml inoculum prepared from a fresh subculture of each
organism and diluted in normal saline.

Neutropenic mouse thigh infection model. Two clinical NDM-1 iso-
lates were also evaluated in a neutropenic mouse thigh infection model.
Neutropenic mice underwent the same procedures as immunocompetent
mice but with the administration of cyclophosphamide (Baxter, Deer-
field, IL) (150 mg/kg) 4 days prior to inoculation and a 100-mg/kg injec-
tion given 1 day prior to inoculation to induce neutropenia (21). Addi-
tionally, neutropenic mice were inoculated intramuscularly with 0.1 ml of
a 107-CFU/ml inoculum.

In vivo efficacy. All isolates were studied in the immunocompetent
mouse thigh infection model over 24 h. Following inoculation, groups of
three mice were administered a regimen simulating humanized doses of
either ertapenem at 1 g every 24 h (q24h) or doripenem at 2 g q8h asa 4-h
infusion as 0.2-ml subcutaneous injections over 24 h. Both of these regi-
mens utilized were developed previously by our group and have been
confirmed multiple times throughout the course of several in vivo studies
(22-26). While the regimen of high-dose, prolonged infusion of dorip-
enem that was simulated is not FDA approved, this dosing regimen was
selected as our best attempt to treat these multidrug-resistant pathogens,
as it has the highest likelihood of achieving the necessary pharmacody-
namic target for efficacy. Control animals were given normal saline with
the same volume, route, and frequency as the treatment regimens. Groups
of three untreated control mice were euthanized by CO, exposure fol-
lowed by cervical dislocation at 0 h and 24 h, while all treated mice were
sacrificed at 24 h. Both thighs were removed from sacrificed animals and
homogenized individually in normal saline. Serial dilutions of thigh
homogenate were plated onto Trypticase soy agar with 5% sheep blood
(BD Biosciences, Sparks, MD) for determination of bacterial density.
Efficacy was determined as the change in bacterial density at each time
point compared to that in the 24-h controls. One clinical NDM-1 isolate
was subsequently evaluated over 72 h in the immunocompetent model,
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TABLE 1 Phenotypic profiles of Enterobacteriaceae isolates utilized in
the efficacy studies of the carbapenems

MIC (pg/ml)*
Isolate B-Lactamase content ETP DOR IMP MER
K. pneumoniae 454 0.012 0.03 0.19 0.06
K. pneumoniae 454 NDM-1 16 4 6 4
+ NDM-1
plasmid
K. pneumoniae 454 KPC-2 4 1 8 2
+ KPC-2
plasmid
E. coli 391 NDM-1, TEM-1, CMY-16, 3 05 1 1
(NDM-1) OXA-1, OXA-10
E. coli 393 NDM-1, CTX-M-15, >32 4 4 8
(NDM-1) TEM-1, OXA-1, OXA-2
E. coli 389 NDM-1, TEM-1, >32 8 16 8
(NDM-1) CTX-M-15
K. pneumoniae 450 NDM-1, SHV-11, SHV-28, >32 >32 >32 >32
(NDM-1) TEM-1, CTX-M-15,

OXA-1, OXA-9

@ ETP, ertapenem; DOR, doripenem; IMP, imipenem; MER, meropenem.

with control and treatment groups assessed at 24, 48, and 72 h to ascertain
if reductions in bacterial density could be sustained when a longer dura-
tion, reflecting that of clinical practice, was employed.

Confirmation of ertapenem MIC following in vivo exposure. Ertap-
enem MICs were confirmed after in vivo exposure to ensure that plasmids
were retained and functionally expressed throughout the course of the
experiment. For each strain utilized in the isogenic experiment, including
the wild-type K. pneumoniae and constructed KPC-2 and NDM-1 strains,
the ertapenem MIC was determined in triplicate for bacteria recovered
from thigh homogenate samples after 24 h of doripenem therapy. Simi-
larly, postexposure ertapenem MICs were determined for one of the clin-
ical isolates, E. coli 389.

RESULTS

Bacterial isolates. The wild-type K. pneumoniae 454 isolate and its
derived isogenic strains harboring either an NDM-1 or a KPC-2
plasmid, as well as four clinical NDM-1-producing Enterobacteri-
aceae isolates, were utilized. These isolates represented a variety of
phenotypic profiles, as described in Table 1.

In vivo efficacy. The mean (* standard deviation) bacterial
density in control mice for all isolates utilized at 0 h was 6.65 =
0.38 log,, CFU in immunocompetent mice and increased to
6.94 * 1.45 log,, CFU after 24 h. A 1- to 2-log,, CFU reduction
was observed after 24 h for both ertapenem and doripenem
against the wild-type strain, K. pneumoniae 454, as well as the
isogenic strain with the NDM-1 plasmid. However, an increase in
bacterial density was observed for both carbapenems utilized
against the isogenic KPC strain (Fig. 1).

CFU reductions of greater than 1 log, , CFU were achieved with
both carbapenems against the three clinical NDM-1 isolates with
doripenem MICs of =8 pg/ml in the immunocompetent mouse
model (Fig. 2), while only a modest reduction was observed
against the isolate with a doripenem MIC of >32 pg/ml (K. pneu-
moniae 450). To confirm these findings, efficacy experiments were
conducted twice for E. coli 393 and three times for E. coli 389 with
similar results. Accordingly, the data from repeated experiments
were combined and are reported as mean data across all experi-
ments for these two isolates. Furthermore, two of these clinical
isolates were evaluated in a neutropenic mouse model to ascertain
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FIG 1 Change in log,, CFU/ml after 24 h observed in a wild-type K. pneu-
moniae strain and its derived isogenic strains harboring either an NDM-1 or a
KPC-2 plasmid after treatment with human-simulated doripenem at 2 g every
8 hasa4-hinfusion (black bars) or ertapenem at 1 g every 24 h (white bars) in
an immunocompetent mouse thigh infection model. Each value is the mean +
standard deviation for infected thighs for each isolate.

the potential impact of host immunity on the observed activity.
Similar bacterial densities were observed in neutropenic and im-
munocompetent mice at 24 h following treatment with dorip-
enem and ertapenem for E. coli 389 and E. coli 393 (P > 0.05). An
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FIG 2 Change in log,, CFU/ml after 24 h observed in four clinical NDM-1-
producing Enterobacteriaceae isolates after treatment with human-simulated
doripenem at 2 g every 8 h as a 4-h infusion (black bars) or ertapenem at 1 g
every 24 h (white bars) in an immunocompetent mouse thigh infection model.
Each value is the mean * standard deviation for infected thighs for each
isolate.
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FIG 3 Change in log,, CFU after 24, 48, and 72 h for growth controls and
human-simulated regimens of doripenem at 2 g every 8 h as a 4-h infusion and
ertapenem at 1 g every 24 h against E. coli 389 (doripenem MIC, 8 pg/ml;
ertapenem MIC, >32 pg/ml) in an immunocompetent murine thigh infection
model. Each value is the mean * standard deviation for infected thighs at each
time point. All three animals in the 48-h and 72-h control groups expired prior
to their respective time points.

efficacy study was also conducted out to 72 h using an immuno-
competent mouse model for E. coli 389, in which the initial bac-
terial reductions for both therapies observed at 24 h were main-
tained at both 48 and 72 h. These data are depicted in Fig. 3.

Confirmation of ertapenem MIC following in vivo exposure.
Ertapenem MICs for the wild-type K. pneumoniae and the iso-
genic KPC-2 and NDM-1 strains, as well as the clinical strain E.
coli 389, determined at the end of the in vivo efficacy experiments
remained unchanged from those obtained prior to inoculation,
confirming sustained in vitro resistance.

DISCUSSION

The global dissemination of NDM-1-producing Enterobacteria-
ceae is of great concern worldwide, as very few contemporary an-
timicrobial agents retain reliable susceptibility (1, 2). Further-
more, the lack of substantial in vivo and clinical efficacy data,
which are limited to a small number of case reports, makes select-
ing therapy for these multidrug-resistant pathogens difficult. Here
we sought to describe the efficacy of humanized exposures of
ertapenem and doripenem against NDM-1-producing Enterobac-
teriaceae using an in vivo infection model.

The efficacies of doripenem and ertapenem monotherapies
were compared for two different carbapenemases, KPC and
NDM-1, using isogenically constructed strains. This methodology
was chosen to purely compare the impact of each enzyme on effi-
cacy without the influence of other resistance genes, as most clin-
ical NDM-1- or KPC-producing isolates often harbor other 3-lac-
tamases. Moreover, the use of isogenic strains also helps to
standardize strain-specific virulence and pathogenicity factors
that may complicate direct comparisons. A bacterial CFU reduc-
tion of greater than 1 log,, unit was observed with both dorip-
enem and ertapenem against the parent wild-type K. pneumoniae
strain, as anticipated given the phenotypic profile of this organ-
ism. However, a bacterial CFU reduction of greater than 1 log;,
unit was also observed for the derived NDM-1 strain, despite it
having significantly higher MICs for both doripenem and ertap-
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enem. Furthermore, a significantly greater bacterial reduction was
observed with both agents against the isogenic NDM-1-producing
isolate compared to the slight increase in bacterial density that
occurred during therapy with the derived KPC-producing strain,
even in light of the NDM-1 producer having 2-fold-higher dorip-
enem and ertapenem MICs. This lack of reliable efficacy with car-
bapenem monotherapy against KPCs is consistent with previous
observations using doripenem and ertapenem against clinical
KPC-producing strains in this model, which also resulted in min-
imal to no efficacy against three isolates with doripenem MICs
ranging from 8 to 32 g/ml and ertapenem MICs greater than 64
pg/ml (27). It should be noted that recent work with KPC-pro-
ducing organisms suggests that carbapenems still have an impor-
tant role in therapy, particularly when used in combination with
other agents, including another carbapenem (27-30). Unlike the
case for KPCs, these data suggest that carbapenems may even have
a role as monotherapy in treating infections caused by NDM-1-
producing Enterobacteriaceae.

Similar to what was observed with the isogenic NDM-1 strain,
bacterial reductions were observed for all four clinical isolates with
the use of either ertapenem or doripenem in the immunocompe-
tent mouse model. Bacterial densities at 24 h were similar in im-
munocompetent and neutropenic mice, which further demon-
strates that the efficacy observed with these agents truly reflects
activity of the carbapenems utilized, with minimal impact from
host immunity. Furthermore, sustained efficacy out to 72 h was
demonstrated using one of these clinical NDM-1 strains. How-
ever, in the current study, the greatest degree of reduction in bac-
terial density for both carbapenems was achieved against the three
isolates with doripenem MICs of =8 pg/ml. These results are
consistent with the pharmacodynamic profile of doripenem, as a
2-g dose administered every 8 h as a 4-h infusion produces greater
than 40% free time above the MIC (fT>MIC) for MICs up to 16
pg/ml (26). While the efficacy observed with doripenem appears
to correlate with an MIC less than or equal to 8 pg/ml, ertapenem
efficacy did not correlate well with MIC. CFU reductions of
greater than 1 log,, unit were observed with ertapenem for the
isolate with an MIC of 3 pg/ml and two of the isolates with an MIC
of >32 ug/ml. A bacterial reduction of this magnitude was not
anticipated, as the requisite 40% fT>MIC needed for bactericidal
activity is achieved only for MICs of up to 0.5 pg/ml and the 20%
fT>MIC needed for bacteriostasis is achieved only for MICs of up
to 2 pg/ml when using a regimen of 1 g every 24 h (22). In two
previous studies evaluating the same dosing regimen of ertapenem
utilized here, bacterial reductions of approximately 2 log,, CFU
were observed against extended-spectrum B-lactamase (ESBL)-
producing isolates with MICs of up to 2 pg/ml (22, 24). Based on
the results of these previous in vivo studies, the efficacy observed
against the clinical isolate with an ertapenem MIC of 3 pg/ml is
reasonable. However, these data suggest that there is discordance
between ertapenem in vitro susceptibility and in vivo efficacy for
the other two NDM-1-producing isolates in which efficacy was
observed.

While we characterized the efficacy of doripenem and ertap-
enem against NDM-1-producing Enterobacteriaceae compared to
KPC-producing organisms by evaluating these agents in NDM-1
and KPC-2 strains constructed from the same parent wild-type
strain and confirmed the functional activity of these enzymes with
repeated phenotypic profiling, several questions remain unan-
swered. The constructed NDM-1 and KPC-2 strains were created
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with two different plasmids. Since it was not possible to quantify
the level of carbapenemase enzyme expression, it is unclear
whether this variation in technique could have resulted in differ-
ences in the number of plasmid copies, as well as the levels of
carbapenemase gene expression, in the two constructed strains.

The efficacy observed with both doripenem and ertapenem
against an isogenically derived NDM-1-producing isolate was
similar to what was observed against its parent wild-type strain of
K. pneumoniae and much greater than what was achieved against
the derived KPC-producing strain. Similar to the case for the de-
rived NDM-1-producing isolates, efficacy was achieved with the
use of either doripenem or ertapenem against all clinical strains of
NDM-1-producing Enterobacteriaceae, with the greatest level of
efficacy attained against isolates with doripenem MICs of =8 g/
ml. Even though carbapenem monotherapy is not effective in
treating infections caused by KPC-producing organisms, our data
suggest that further evaluation of the potential utility of carbap-
enems in the management of NDM-1-producing Enterobacteria-
ceae is warranted. These observations are both unexpected and
encouraging, as the current armamentarium for these burgeoning
pathogens is limited. Future studies evaluating the efficacy of car-
bapenems, as well as additional B-lactam comparators, against
isolates producing various metallo-(3-lactamase enzymes, includ-
ing NDM-1, NDM-4, VIM, or IMP, in both immunocompetent
and immunocompromised models are needed to fully determine
the potential utility of the carbapenems. Furthermore, in light of
the magnitude of activity achieved with the simulated high-dose,
prolonged-infusion doripenem regimen, future evaluation of the
utility of standard dosing regimens of doripenem for treating
NDM-1-producing organisms is warranted. Lastly, the continued
development of new B-lactamase inhibitors and other novel drug
targets is paramount, as the expression of these phenotypic pro-
files is likely to be enhanced with continued evolution of these
extremely drug-resistant organisms.
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