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ABSTRACT Plazomicin is a novel aminoglycoside with potent in vitro activity
against multidrug- and carbapenem-resistant Enterobacteriaceae. The objective of
this study was to assess the efficacy of plazomicin exposure, alone and in combina-
tion with meropenem or tigecycline, against Enterobacteriaceae in the immunocom-
petent murine septicemia model. ICR mice were inoculated intraperitoneally with
bacterial suspensions. Eight Enterobacteriaceae isolates with wide ranges of plazomi-
cin, meropenem, and tigecycline MICs were utilized. Treatment mice were adminis-
tered plazomicin, meropenem, or tigecycline human-equivalent doses alone or in
combinations of plazomicin-meropenem and plazomicin-tigecycline. Treatments were
initiated at 1 h postinfection and continued for 24 h. Efficacy was assessed by determi-
nation of mouse survival through 96 h. Compared with the survival of the controls, pla-
zomicin monotherapy produced a significant improvement in survival for all mice in-
fected with the isolates (P � 0.05) and resulted in overall survival rates of 86% (n � 50)
and 53.3% (n � 30) for mice infected with isolates with plazomicin MICs of �4 and �8
mg/liter, respectively (P � 0.05). The survival of the meropenem and tigecycline groups
correlated well with susceptibilities of their respective isolates, with incremental in-
creases in survival being observed at lower MIC values. For mice infected with isolate
Klebsiella pneumoniae 561 (plazomicin, meropenem, and tigecycline MICs, 8, �32, and 2
mg/liter, respectively), combination therapies showed a significant reduction in mortality
compared with that achieved with any monotherapy (P � 0.05). Plazomicin mono-
therapy resulted in improved survival in the immunocompetent murine septicemia
model, notably, for mice infected with isolates with plazomicin MICs of �4 mg/liter. As
evidenced by our current data, coadministration of meropenem or tigecycline could po-
tentially lead to a further improvement in survival. These data support a role for pla-
zomicin in the management of septicemia due to Enterobacteriaceae with plazomicin
MICs of �4 mg/liter, including carbapenem-resistant isolates.

KEYWORDS aminoglycosides, pharmacodynamics, pharmacokinetics

Carbapenem-resistant Enterobacteriaceae (CRE) are a group of Gram-negative bacteria
that are very challenging to treat. These isolates exhibit high levels of resistance to

carbapenem antibiotics, a last-line treatment for patients with serious resistant Enterobac-
teriaceae infections (1), as they express a group of hydrolytic enzymes known as carbap-
enemases, such as Klebsiella pneumoniae carbapenemase (KPC) and New Delhi metallo-�-
lactamase (NDM). Although they are branded “carbapenemases,” many of these enzymes
recognize almost all �-lactam antibiotics, rendering them ineffective.

CRE infections are associated with poor outcomes because of the limited therapeu-
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tic options with activity against these isolates (2). In a report published in 2013, the
Centers for Disease Control and Prevention (CDC) classified CRE as one of the top
urgent drug-resistant threats to the United States, accounting for 9,000 drug-resistant
infections and 600 fatalities per year (3). Septicemia due to CRE is particularly very
serious, resulting in high rates of mortality. A recent study reported overall 14-day and
30-day mortality rates of 34% and 49%, respectively, among patients with CRE bacte-
remia (4). The high mortality rates are attributed in part to the delay in the initiation of
appropriate therapy with activity against CRE and the high rate of resistance emer-
gence to the currently available agents, such as tigecycline, polymyxins, and aminogly-
cosides (2). The development of new agents to treat serious bacterial infections due to
CRE, inclusive of septicemia, is crucial.

Plazomicin is a novel aminoglycoside that is resilient to the activity of all clinically
relevant aminoglycoside-modifying enzymes (AMEs), the primary mechanism of amin-
oglycoside resistance (5). Plazomicin shows activity against both Gram-positive and
Gram-negative bacteria, including multidrug-resistant Enterobacteriaceae and CRE (6).
Owing to its spectrum of activity, plazomicin is a promising novel agent for the
treatment of infections due to these resistant isolates. It has been studied in clinical
trials for the treatment of serious bacterial infections due to CRE (7).

The purpose of this study was to evaluate the efficacy of plazomicin, alone and in
combination with two broad-spectrum antibiotics, meropenem or tigecycline, and
compare these efficacy profiles with the efficacy of either meropenem or tigecycline
alone against Enterobacteriaceae isolates exhibiting various resistance profiles, includ-
ing CRE, using an immunocompetent murine septicemia model, a preclinical model
commonly utilized for the assessment of antimicrobial efficacy. In an attempt to further
improve the translational application of the outcomes from our animal model into
clinical practice, human-simulated regimens of the antimicrobial agents were utilized in
this investigation.

(This study was presented in part at IDWeek 2017, San Diego, CA, USA, 4 to 8
October 2017 [8].)

RESULTS
Bacterial isolates. A summary of the 8 Enterobacteriaceae isolates utilized in this

study and their susceptibilities to plazomicin, meropenem, and tigecycline as well as
their genotypes is shown in Table 1.

Human-simulated plazomicin exposure pharmacokinetic studies. Plazomicin
was adequately detected in mouse plasma for all examined doses in the single-dose
pharmacokinetic studies following subcutaneous administration. The observations
were satisfactorily described by a two-compartment linear model. The relationship
between the plazomicin area under the total-drug plasma concentration-time curve
(AUC) from 0 to 24 h (AUC0 –24) and the range of doses examined was linear with a
coefficient of determination (R2) of 0.9862.

Based on the observed AUC0 –24, it was predicted that a dose of 28 mg/kg of body
weight every 24 h (q24h) in mice would achieve an exposure similar to that observed
in humans following administration of plazomicin at 15 mg/kg q24h. A confirmatory
pharmacokinetic study of the selected regimen was conducted in the murine infection
model; the plasma AUC0 –24 achieved following administration of a single 28-mg/kg
dose was 269 mg · h/liter, which was comparable to the human target AUC0 –24

exposure (mean AUC0 –24, 265 mg · h/liter).
Human-simulated exposure pharmacokinetic studies of comparator agents.

Based on the percentage of the dosing interval during which the free drug
concentrations remained above the MIC (%fT�MIC), a meropenem exposure in mice
similar to that expected in humans following administration of 2 g every 8 h (q8h)
as a 3-h infusion was attained when mice were administered a 6-dose regimen (14
mg/kg at 0 h, 19 mg/kg at 1.25 h, 21 mg/kg at 2.5 h, 18 mg/kg at 3.75 h, 13 mg/kg
at 5 h, and 10.5 mg/kg at 6.25 h), repeated every 8 h.
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On the basis of the observed area under the free-drug plasma concentration-time
curve (fAUC0 –24), it was predicted that a tigecycline dose of 1.66 mg/kg every 12 h
(q12h) in mice would achieve an exposure similar to that observed in humans following
administration of tigecycline at 50 mg q12h. The observed plasma fAUC0 –24 achieved
following administration of 1.66 mg/kg q12h was 0.83 mg · h/liter, which was compa-
rable to the human target AUC0 –24 exposure (fAUC0 –24 � 0.94 mg · h/liter).

Human-simulated exposure pharmacokinetic studies of combination treat-
ment. After the human-simulated regimens of plazomicin and the comparators were
selected, confirmatory combination pharmacokinetic studies were conducted; animals
were dosed with plazomicin at 28 mg/kg q24h and coadministered either meropenem
(14 mg/kg at 0 h, 19 mg/kg at 1.25 h, 21 mg/kg at 2.5 h, 18 mg/kg at 3.75 h, 13 mg/kg
at 5 h, and 10.5 mg/kg at 6.25 h), repeated every 8 h, or tigecycline at 1.66 mg/kg q12h.
The concomitant administration of plazomicin and meropenem did not alter the
plazomicin or meropenem profiles. However, the tigecycline fAUC0 –24 was slightly
reduced in the presence of plazomicin (observed fAUC0 –24 � 0.55 mg · h/liter). This was
associated with a shortening of the elimination half-life, and, thus, an increase in the
tigecycline dose to 2 mg/kg q12h was warranted to attain the target human exposure.
The tigecycline fAUC0 –24 achieved when tigecycline was dosed at 2 mg/kg q12h
concomitantly with plazomicin at 28 mg/kg q24h was 0.96 mg · h/liter. The mechanism
of interaction between tigecycline and plazomicin was not examined, as it was beyond
the scope of this investigation. The concomitant administration of plazomicin and
tigecycline did not alter the plazomicin profile. Table 2 shows the observed plazomicin
plasma AUC0 –24 achieved following administration of the human-simulated regimen
alone or in the presence of comparators as well as the observed tigecycline plasma
fAUC0 –24 achieved following administration of the human-simulated regimen alone or
in combination with plazomicin.

Survival studies in immunocompetent septicemia model. The blood cultures of
the 0-h groups (1 h postinfection) showed bacterial growth for all 8 isolates. The
average bacterial burden observed at 0 h was 5.07 � 0.23 log10 CFU/ml. This confirmed
the capability of the tested isolates to induce septicemia in the murine model utilized.
Figure 1A to H shows the Kaplan-Meier survival curves for the 8 isolates, and Table 3
summarizes the survival percentages at 96 h with each therapy. The vehicle-dosed
controls exhibited a high degree of mortality for all tested isolates. The survival
percentages among the control groups at 96 h ranged from 0% to 20%, with the
majority of the mortalities occurring within the first 24 h of the study period.

Compared with the survival of the vehicle-dosed controls, human-simulated expo-
sure of plazomicin monotherapy produced significant improvement in survival for mice
infected with all isolates (P � 0.05), with the survival percentages ranging from 20% to
100% by the end of the study period (Fig. 1A to H). When the survival outcome was
grouped by the plazomicin MIC of the causative pathogen, the survival percentages
with plazomicin monotherapy were 80% (n � 20), 90% (n � 30), 45% (n � 20), and 70%

TABLE 2 Plazomicin AUC0 –24 and tigecycline fAUC0 –24 values in mice and humans

Agent Species Daily dose Regimen
AUC0–24 or fAUC0–24

(mg · h/liter)

Plazomicin Human 15 mg/kg q24h Plazomicin 265.00a

Mouse 28 mg/kg q24h Plazomicin alone 269.06
Plazomicin � meropenem 284.98
Plazomicin � tigecycline 259.96

Tigecycline Human 50 mg q12h Tigecycline 0.94b

Mouse 1.66 mg/kg q12h Tigecycline alone 0.83
1.66 mg/kg q12h Tigecycline � plazomicin 0.55
2 mg/kg q12h Tigecycline � plazomicin 0.96
2 mg/kg q12h Tigecycline alone 1.34

aCorresponding to an AUC0 –24/MIC of 132.5 to 16.6 for isolates with plazomicin MICs of 2 to 16 mg/liter.
bCorresponding to an fAUC0 –24/MIC of 15.7 to 0.47 for isolates with tigecycline MICs of 0.06 to 2 mg/liter.
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FIG 1 Survival curves for isolates K. pneumoniae (KP) 557 (MICs, plazomicin [PLZ], 2 mg/liter; meropenem [MEM], 8 mg/liter; tigecycline [TGC], 0.5 mg/liter) (A),
K. pneumoniae 558 (MICs, PLZ, 2 mg/liter; MEM, �32 mg/liter; TGC, 1 mg/liter) (B), Escherichia coli (EC) 471 (MICs, PLZ, 4 mg/liter; MEM, 0.03 mg/liter; TGC, �0.06
mg/liter) (C), Klebsiella oxytoca (KO) 92 (MICs, PLZ, 4 mg/liter; MEM, �0.015 mg/liter; TGC, 0.12 mg/liter) (D), Citrobacter freundii (CF) 38 (MICs, PLZ, 4 mg/liter;
MEM, 0.06 mg/liter; TGC, 0.5 mg/liter) (E), Morganella morganii (MM) 65 (MICs, PLZ, 8 mg/liter; MEM, 0.06 mg/liter; TGC, 1 mg/liter) (F), K. pneumoniae 561 (MICs,
PLZ, 8 mg/liter; MEM, �32 mg/liter; TGC, 2 mg/liter) (G), and K. pneumoniae 559 (MICs, PLZ, 16 mg/liter; MEM, �32 mg/liter; TGC, 2 mg/liter) (H).
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(n � 10) for mice infected with isolates with MICs of 2, 4, 8, and 16 mg/liter, respectively,
as shown in Fig. 2A. Thus, plazomicin monotherapy resulted in overall survival per-
centages of 86% (n � 50) and 53.3% (n � 30) for mice infected with isolates with
plazomicin MICs of �4 and �8 mg/liter, respectively (P � 0.05).

The administration of the human-simulated exposure of meropenem monotherapy
was associated with survival percentages ranging from 0% to 100% among the mice
infected with the 8 isolates by the end of the study period. Likewise, the human-
simulated exposure of tigecycline monotherapy was associated with survival percent-
ages ranging from 0% to 80% (Fig. 1A to H). Figure 2B and C shows the overall survival
proportions of the mice receiving meropenem or tigecycline monotherapy grouped by
the MIC of the examined isolates. The survival percentages with meropenem mono-
therapy were 90% (n � 10), 90% (n � 10), 90% (n � 20), 80% (n � 10), and 6.667%
(n � 30) for mice infected with isolates with MICs of �0.015, 0.03, 0.06, 8, and �32
mg/liter, respectively, while those with tigecycline monotherapy were 70% (n � 10),
80% (n � 10), 31.579% (n � 19), 15% (n � 20), and 5% (n � 20) for mice infected with
isolates with MICs of �0.06, 0.12, 0.5, 1, and 2 mg/liter, respectively.

Overall, both combination treatments (plazomicin-meropenem and plazomicin-
tigecycline) were associated with good survival for all the test agents, with survival
percentages ranging from 60 to 100%. For isolate K. pneumoniae 561 (plazomicin,
meropenem, and tigecycline MICs, 8, �32, and 2 mg/liter, respectively), the plazomicin-
meropenem and plazomicin-tigecycline combinations showed significant improvement
in survival (100% and 90%, respectively) compared with that achieved with plazomicin,
meropenem, or tigecycline monotherapy (20%, 0%, and 10%, respectively; P � 0.05) as
shown in Fig. 1G.

Detection of plazomicin-resistant mutants. Less than 5% of the samples collected
from the surviving mice treated with plazomicin showed positive bacterial growth on
the drug-free plates at either 24 h or 48 h. For all the tested isolates, no growth was
detected on the plazomicin-supplemented plates at either drug concentration (4-fold
and 8-fold the plazomicin MIC). These results suggest the absence of growth of a
resistant subpopulation during treatment.

DISCUSSION

Infections due to CRE are on the rise, particularly among health care settings. Recent
FDA approval of new agents with activity against CRE, such as ceftazidime-avibactam,
has provided important therapeutic alternatives for clinicians to address this threat (9).
However, shortly after introduction to the market, the first case of a K. pneumoniae
isolate expressing the KPC-3 carbapenemase and resistance to ceftazidime-avibactam
was reported (10). Given the rapid evolution and spread of carbapenemases among
Gram-negative bacteria, continuous development of new agents with activity against
these isolates is warranted.

In this study, we examined the efficacy of plazomicin, meropenem, and tigecycline
monotherapies as well as that of the combinations of plazomicin-meropenem and
plazomicin-tigecycline using clinically relevant exposures of the test agents in the

TABLE 3 Mouse survival at 96 h with different treatments in the in vivo efficacy studies

Isolate

MIC (mg/liter) Survival (%)

Plazomicin Meropenem Tigecycline Controls Plazomicin Meropenem Tigecycline
Plazomicin �
meropenem

Plazomicin �
tigecycline

K. pneumoniae 557 2 8 0.5 0 60 80 0 60 80
K. pneumoniae 558 2 �32 1 10 100 10 30 80 100
Escherichia coli 471 4 0.03 �0.06 0 100 90 70 70 80
Klebsiella oxytoca 92 4 �0.015 0.12 10 80 90 80 90 90
Citrobacter freundii 38 4 0.06 0.5 20 90 100 60 100 100
Morganella morganii 65 8 0.06 1 0 70 80 0 100 80
K. pneumoniae 561 8 �32 2 0 20 0 10 100 90
K. pneumoniae 559 16 �32 2 0 70 10 0 70 80
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immunocompetent murine septicemia model. The human-equivalent doses in mice
were selected to mimic the mean exposure achieved in humans on the basis of the
parameter that correlated well with the efficacy of each agent: fAUC0 –24 for plazomicin
and tigecycline and %fT�MIC for meropenem. Eight Enterobacteriaceae isolates were
utilized in this investigation. The selection of the isolates was based on the ability of the
isolates to establish viable infection in the murine model, as evident by a high degree
of mouse mortality in the absence of antimicrobial therapy, as well as the phenotypic
and the genotypic profiles of these isolates. In order to account for the worst possible
outcome and increase the robustness of the study results, Enterobacteriaceae isolates
with MICs at the upper end of the plazomicin MIC distribution were selected, with the
MICs being 2 to 16 mg/liter (MIC90 � 1 mg/liter) (6). All isolates were positive for genes
encoding AMEs and/or had alterations in outer membrane porins. Four of the isolates
were CRE expressing various carbapenemases, including KPC-2, KPC-3, and OXA-48, as
well as extended spectrum �-lactamases (ESBLs), such as CTX-M-15.

For meropenem monotherapy, the human-simulated regimen was associated with
high survival rates for mice infected with isolates with MICs of �8 mg/liter, which was

FIG 2 Overall survival curves for mice treated with plazomicin (A), meropenem (B), or tigecycline (C)
monotherapy.
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the expected outcome of the exposure attained with the prolonged infusion of 2 g q8h,
as the fT�MIC was �75% (the threshold for carbapenem efficacy is a 40% fT�MIC [11]).
On the other hand, the survival for mice infected with isolates with MICs of �32
mg/liter was low, with the predicted fT�MIC being 0% (11). The survival with tigecycline
monotherapy correlated well with the isolates’ susceptibilities, with an incremental
increase in survival being observed at lower MIC values. Data from the tigecycline and
meropenem monotherapy groups provided validation to the discriminatory capability
of the model utilized, as the efficacy profiles achieved in the mice with the human-
simulated exposures were in accordance with the expected clinical outcomes in
humans receiving these exposures (11, 12).

Plazomicin as monotherapy or in combination with tigecycline or meropenem was
associated with a high probability of survival for mice infected with isolates with
plazomicin MICs of �4 mg/liter, inclusive of those expressing various AMEs. Plazomicin
monotherapy resulted in erratic survival rates for mice infected with isolates with
plazomicin MICs of �8 mg/liter, with mice infected with isolate K. pneumoniae 561 (MIC,
8 mg/liter) showing reduced survival compared with mice infected with isolate K.
pneumoniae 559 (MIC, 16 mg/liter), which could allude to a difference in the fitness
and/or in vivo expression of the resistance genes between the two bacterial strains.
Furthermore, plazomicin combinations were associated with a high probability of
survival for mice infected with isolates with plazomicin MICs up to 16 mg/liter, which
is much higher than the reported plazomicin MIC90 among Enterobacteriaceae isolates
(�1 mg/liter) (6). These results were in general agreement with those from the phase
3 Combating Antibiotic Resistant Enterobacteriaceae (CARE) trial; plazomicin therapy in
combination with meropenem or tigecycline was associated with a significantly lower
rate of mortality or serious disease-related complications than colistin-based combina-
tion therapy among patients with serious infections, such as bloodstream infections as
well as hospital-acquired and ventilator-associated bacterial pneumonia due to CRE (7).
The results from isolate K. pneumoniae 561 in the murine septicemia model suggest
that a potential in vivo synergistic effect may have contributed to the outcomes
observed in the clinical trial. However, further data on more isolates are needed to draw
definite conclusions. Unfortunately, more isolates with phenotypic profiles comparable
to those of K. pneumoniae 561 (with reduced susceptibilities to the three agents) were
not available at the time of conduct of this study.

We further examined the blood of the mice receiving plazomicin for the presence of
viable bacterial cells 24 h or 48 h from the initiation of therapy. The limited growth on
the drug-free plates indicated that plazomicin had the capability to rapidly eradicate
the bacteria from the blood. Given that the plasma concentrations of all test agents
were negligible at the time of the assessment, we ruled out the possibility that the lack
of growth on the drug-free plates was attributed to drug carryover effects. Thus, the
lack of growth on the plazomicin-supplemented plates provided some evidence for the
absence of resistance development in vivo during treatment, albeit only a few samples
showed bacterial growth on the drug-free plates due to the effectiveness of the
compound. Additional in vitro and in vivo studies are warranted to better evaluate the
resistance emergence during plazomicin therapy.

In summary, our data showed that plazomicin monotherapy resulted in improved
survival in the immunocompetent murine septicemia model, particularly for mice infected
with isolates with plazomicin MICs of �4 mg/liter. Moreover, data from one isolate
suggested that coadministration of meropenem or tigecycline could have potentially led to
a further improvement in survival. These preclinical data utilizing clinically relevant expo-
sures corroborate the finding from the phase 3 CARE trial and support a potential role for
plazomicin combinations with meropenem or tigecycline in the management of septicemia
due to Enterobacteriaceae, including carbapenem-resistant isolates.

MATERIALS AND METHODS
Antimicrobial agents. Plazomicin sulfate for injection (50 mg/ml; batch number JGC1-ENG13003)

was supplied by Achaogen, Inc., for in vivo testing. Plazomicin solution was diluted in sterile 0.9% sodium
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chloride solution (B. Braun Medical Inc., Irvine, CA, USA) to attain final concentrations that would deliver
the required doses based on the mean weight of the study mouse population. Plazomicin was
administered via subcutaneous (s.c.) injections of 0.1 ml.

Commercially available meropenem 500-mg vials (lot 39D55; WG Fresenius Kabi USA, LLC, Lake
Zurich, IL, USA) and tigecycline 50-mg vials (lot AJP312; Wyeth Pharmaceuticals Inc., Philadelphia, PA,
USA) were reconstituted and diluted with 0.9% normal saline solution and administered as 0.1-ml s.c.
injections.

Bacterial isolates. A total of 8 Enterobacteriaceae isolates with various phenotypic and genotypic
profiles, including CRE isolates, were provided by JMI Laboratories (North Liberty, IA, USA). The MICs of
plazomicin, meropenem, and tigecycline were derived by JMI Laboratories using the broth microdilution
methodology, as outlined by the Clinical and Laboratory Standards Institute (CLSI) criteria (13). The
isolates were characterized through whole-genome sequencing by JMI Laboratories using methods
previously reported (14, 15). Furthermore, these isolates were screened for their ability to induce
septicemia in the immunocompetent infection model utilized.

Immunocompetent murine septicemia model. Specific-pathogen-free, female ICR mice weighing
20 to 22 g were obtained from Envigo RMS, Inc. (Indianapolis, IN, USA). The animals were allowed to
acclimate for a minimum of 48 h before commencement of experimentation and were provided food
and water ad libitum. The protocol was reviewed and approved by the Institutional Animal Care and Use
Committee at Hartford Hospital. Mice were administered uranyl nitrate at 5 mg/kg intraperitoneally (i.p.)
3 days prior to inoculation to produce a controlled degree of renal impairment to assist with humanizing
the target exposures of the test agents.

All bacterial isolates had previously been frozen at �80°C in skim milk (BD BioSciences, Sparks, MD,
USA). Prior to mouse inoculation, two transfers of the organisms were performed onto Trypticase soy
agar plates with 5% sheep blood (TSA II; Becton, Dickinson & Co., Sparks, MD, USA) and incubated at 37°C.
After 18 to 24 hours of incubation of the second transfer, a bacterial suspension of approximately 106.5

CFU/ml in 5% hog gastric mucin was made for inoculation. This inoculum was selected following a series
of pilot studies to produce mortality within a reasonable window of 18 to 48 hours postinfection in the
absence of appropriate antimicrobial therapy. Final inoculum concentrations were confirmed by serial
dilution and plating techniques. Septicemia was produced by i.p. injection of 0.5 ml of the inoculum 1 h prior
to the initiation of antimicrobial therapy (16, 17).

Human-simulated plazomicin exposure pharmacokinetic studies. Pharmacokinetic studies of
plazomicin were carried out to identify a regimen that provided an exposure similar to that achieved in
infected patients following the administration of 15 mg/kg as a 0.5-h infusion q24h, based on the
AUC0 –24 (18). Since the percentage of plazomicin protein binding is low and comparable between
humans and mice (19.6% � 8.8% and 19.9% � 10.5%, respectively) (19), no correction for the free
fraction was applied.

Initially, four single-dose pharmacokinetic studies were undertaken to identify the plazomicin
concentration-time profile and exposures in the infection model utilized. The doses examined were 5, 20,
40, and 80 mg/kg. The AUC0 –24 values achieved with these doses were used to predict a dose in mice
that would simulate that achieved in infected patients (265 mg · h/liter) (20). Infected animals were
administered plazomicin, and then groups of 6 mice were euthanized at 8 predefined time points.
Terminal blood samples from CO2-asphyxiated mice were collected via cardiac puncture and placed in
K2EDTA BD Microtainer tubes (BD, Franklin Lakes, NJ, USA). Plasma was separated by centrifugation for
10 min at 4°C at 10,000 � g and then stored at �80°C until analyzed for the plazomicin concentrations
using a validated liquid chromatography-tandem mass spectrometry method by Alturas Analytics, Inc.
(Moscow, ID, USA). The pharmacokinetic parameters of plazomicin were estimated (WinNonlin, version
5.0.1; Pharsight Corp., Mountain View, CA, USA). Additionally, the AUC0 –24 was estimated using the
trapezoidal rule and used to predict the human-simulated regimen. After the human-simulated regimen
of plazomicin was identified mathematically, a confirmatory pharmacokinetic study was undertaken
using the same methodology to confirm that the target AUC0 –24 exposure was achieved.

Human-simulated exposure pharmacokinetic studies of comparator agents. Pharmacokinetic
studies of meropenem were carried out to identify a regimen that provided an exposure similar to that
achieved in humans following the administration of 2 g as a 3-h infusion q8h on the basis of the %fT�MIC

across a range of MICs (4 to 64 mg/liter) using the meropenem protein binding data (8% in both humans
and mice) (21). Similarly, pharmacokinetic studies of tigecycline were undertaken to identify a regimen
that provided an exposure similar to that achieved in humans following the administration of 50 mg
q12h on the basis of the fAUC0 –24 using the average tigecycline protein binding data (80% and 87.86%
in humans and mice, respectively) (22, 23). Infected animals were administered either the selected
meropenem or tigecycline regimen, and then groups of 6 mice each were euthanized at 6 to 8
predefined time points. Terminal blood samples from CO2-asphyxiated mice were collected via cardiac
puncture and placed in K2EDTA BD Microtainer tubes (BD, Franklin Lakes, NJ, USA). Plasma was separated
by centrifugation for 10 min at 4°C at 10,000 � g and then transferred into polypropylene tubes. These
tubes were stored at �80°C until analyzed. Plasma samples were assayed for meropenem and tigecycline
concentrations at the Center for Anti-Infective Research and Development laboratory at Hartford Hospital
using previously established validated high-performance liquid chromatography (HPLC) assays (22, 24).
The pharmacokinetic parameters of meropenem and tigecycline were estimated on the basis of the total
drug concentrations (WinNonlin, version 5.0.1; Pharsight Corp., Mountain View, CA, USA) and thereafter
used to confirm that the target human exposures were achieved.

Human-simulated exposure pharmacokinetic studies of combination treatment. Once the
human-simulated regimens of all three agents were identified, confirmatory combination pharmacoki-
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netic studies were undertaken to ascertain that coadministration of the human-simulated regimens of
the comparator agents (meropenem or tigecycline) did not considerably alter the concentration-time
profile or the exposure of plazomicin or that of the comparators. Infected animals were administered the
plazomicin human-simulated regimen in combination with the meropenem or tigecycline human-
simulated regimens, and then groups of 6 mice each were euthanized at 6 to 8 predefined time points.
Terminal blood samples were collected and processed as described above. The plasma samples from
each mouse were divided into two aliquots; one aliquot was utilized to determine the comparator agent
concentrations (meropenem or tigecycline), while the other aliquot was utilized for plazomicin concen-
tration determination. Once the concentration data were compiled, the exposure of each agent was
compared with that previously achieved when the agent was administered alone.

Survival studies in immunocompetent septicemia model. The purpose of this section of the study
was to assess the in vivo activity of the human-simulated plazomicin exposure alone and compare it with
that of the human-simulated meropenem and tigecycline exposures alone as well as the plazomicin-
meropenem and plazomicin-tigecycline human-simulated combination exposures against the selected 8
Enterobacteriaceae isolates.

Mice were prepared and inoculated as described above. For each isolate tested, mice were randomly
assigned to treatment and control groups of 10 mice each. Treatments were initiated with one of the five
predetermined human-simulated plazomicin, meropenem, or tigecycline monotherapies or plazomicin-
meropenem or plazomicin-tigecycline combination regimens at 1 h postinfection. For each isolate tested,
one group of control animals received sterile normal saline in the same volume and by the same route
and schedule as the most frequent treatment regimen (vehicle-dosed control). Additionally, another
group of controls was sacrificed at 1 h postinfection and served as 0-h controls to test for the presence
of viable bacterial cells in blood and confirm the establishment of septicemia. Briefly, mice were
euthanized by CO2 exposure followed by cardiac puncture. Blood samples (10 to 100 �l) were plated
onto Trypticase soy agar plates with 5% sheep blood (TSA II; Becton, Dickinson & Co., Sparks, MD, USA).
The plates were incubated overnight at 37°C and then assessed for bacterial growth.

Treatments were administered for 24 h. Treated and vehicle-dosed control mice were followed up for
survival every 6 h for up to 96 h. The rate and proportion of mortality were recorded and assessed relative
to those for the treatment regimen received over the 4-day study period using Kaplan-Meier analysis and
compared statistically between the different regimens using the log-rank test.

Detection of plazomicin-resistant mutants. In addition, we assessed whether the administration of
plazomicin was associated with the selection of resistant mutants in vivo using the infection model
utilized. This part of the study was run in conjunction with the efficacy studies described above for 6 out
of 8 isolates. For this purpose, blood samples with volumes of 10 to 100 �l were collected though the
tail vein from all the surviving mice receiving plazomicin as monotherapy or in combination with
meropenem or tigecycline at 24 h (K. pneumoniae isolates 557, 559, 558, and 561) or 48 h (Klebsiella
oxytoca 92 and Citrobacter freundii 38). Prior to the tail bleed, animals were warmed under a heating lamp
(up to 35°C, or 95°F) for 10 min to dilate the tail blood vessels. The collected blood samples were plated
on Mueller-Hinton agar plates (BBL; Becton, Dickinson & Co., Sparks, MD, USA) supplemented with
plazomicin at final concentrations equivalent to 4-fold and 8-fold the plazomicin MIC of the test isolate.
Blood samples of equal volumes were simultaneously plated on Trypticase soy agar plates with 5% sheep
blood (TSA II; Becton, Dickinson & Co., Sparks, MD, USA). The plates were incubated for 2 days at 37°C
and checked daily for the growth of bacteria. The growth observed on the plazomicin-supplemented
plates was compared with that observed on the drug-free plates at the same time point.
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