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Nosocomial pathogens can be associated with a variety of infections, particularly in intensive care units (ICUs) and in immuno-
compromised patients. Usually these pathogens are resistant to multiple drugs and pose therapeutic challenges. Among these
organisms, Acinetobacter baumannii is one of the most frequent being encountered in the clinical setting. Carbapenems are very
useful to treat infections caused by these drug-resistant Gram-negative bacilli, but carbapenem resistance is increasing globally.
Combination therapy is frequently given empirically for hospital-acquired infections in critically ill patients and is usually com-
posed of an adequate beta-lactam and an aminoglycoside. The purpose of this study was to evaluate the in vitro activity of pla-
zomicin against carbapenem-resistant Acinetobacter baumannii. Amikacin was used as a comparator. The activity of plazomicin
in combination with several different antibiotics was tested by disk diffusion, the checkerboard method, and time-kill studies.
Synergy was consistently observed with carbapenems (meropenem and/or imipenem) along with plazomicin or amikacin. When
the aminoglycosides were combined with other classes of antibiotics, synergy was observed in some cases, depending on the
strain and the antibiotic combination; importantly, there was no antagonism observed in any case. These findings indicate the
potential utility of plazomicin in combination with other antibiotics (mainly carbapenems) for the treatment of A. baumannii
infections, including those caused by carbapenem-resistant isolates.

Multidrug-resistant (MDR) strains of Acinetobacter bauman-
nii are microorganisms that are being encountered in the

clinical setting with an increased frequency and cause serious in-
fections with few viable therapeutic options. A. baumannii has the
ability to survive on dry surfaces for prolonged periods of time,
whereby it can be easily spread (1) and thus has emerged as an
important nosocomial pathogen.

This microorganism is also characterized by its innate and ac-
quired resistance to multiple antimicrobial classes, including car-
bapenems. There are an increased number of cases of infections
due to A. baumannii strains that have resistant or intermediate
susceptibility to carbapenems, which previously had excellent
clinical and in vitro activity. Carbapenem-resistant A. baumannii
is currently included in the Infectious Diseases Society of America
(IDSA) list of nosocomial pathogens of particular concern (2).
The overproduction of intrinsic chromosomal OXA-51-like en-
zymes and the production of acquired OXA23, OXA-24/40, and
OXA-58 enzymes has been associated with carbapenem-resistant
A. baumannii isolates. The use of carbapenems may also be dimin-
ished via heteroresistance to these antibiotics, which is a phenom-
enon that can occur in both carbapenem-susceptible and -resis-
tant isolates (3). As a consequence of limited therapeutic options,
drug treatment with newer antimicrobials or antimicrobial com-
binations has become increasingly important for treating infec-
tions caused by these isolates. Furthermore, combination therapy
might be the best antimicrobial strategy against microorganisms
that exhibit the heteroresistance phenomenon. Combination
therapy may minimize the risk of development of resistance and
increase the effectiveness of treatment because of the potential
synergy of antimicrobials. Combinations, which are usually com-
posed of an adequate �-lactam and an aminoglycoside, are fre-
quently given empirically for severe infections (4–6).

The aminoglycosides are among the oldest classes of antibiotics
and demonstrate a broad spectrum of bacterial activity. However,
the therapeutic use of aminoglycosides in recent years has been

limited by concerns of toxicity (nephrotoxicity and ototoxicity)
and increasing antimicrobial resistance. Plazomicin is a next-gen-
eration aminoglycoside that was synthetically derived from si-
somicin and has enhanced activity against many MDR Gram-neg-
ative bacteria. Plazomicin is active against strains possessing a
wide range of the most clinically relevant aminoglycoside-modi-
fying enzymes (AMEs). The compound is now being studied in a
global phase 3 trial enrolling patients with bloodstream infections
or nosocomial pneumonia due to carbapenem-resistant Entero-
bacteriaceae. Several studies have demonstrated the potential in
vitro activity of plazomicin against Gram-positive cocci, mainly
Staphylococcus aureus, and against a diverse collection of Gram-
negative bacilli (Enterobacteriaceae and Pseudomonas. aerugi-
nosa), but there are few data on the activity of this antibiotic
against Acinetobacter baumannii. Preliminary reports suggest that
this agent possesses MIC values lower than those of amikacin (7),
but more data are necessary to establish the real activity of pla-
zomicin for treatment of carbapenem-resistant A. baumannii.

The purpose of this study was to evaluate the in vitro activity of
plazomicin against a collection of MDR A. baumannii isolates ob-
tained from clinical samples at Hospital Clinico San Carlos in
Madrid, Spain. Furthermore, because combination therapy is of-
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ten used for severe nosocomial infections, we examined the activ-
ity of plazomicin in combination with other Gram-negative
agents against a selection of carbapenem-resistant strains (8–12).

MATERIALS AND METHODS
Bacteria. A total of 69 imipenem-resistant A. baumannii isolates were
included in the study. Of these, 41 were previously characterized (13) and
included 9 blaOXA24-like producers, 15 blaOXA58 producers, 1 blaOXA23-
like producer, and 16 isolates that only carry the blaOXA51-like �-lacta-
mase gene associated with ISAba1 in the upstream region (7 bp upstream
of the promoter). Twenty-six new blaOXA24-like producers, 1 isolate with
only blaOXA51-like ISAba, and 1 isolate with blaOXA24-like � blaOXA58

were added to complete the total number. Eight carbapenem-susceptible
isolates from the collection of the Department of Microbiology at the
Hospital Clínico San Carlos (Madrid, Spain) were also included for com-
parison analysis.

Susceptibility testing. Susceptibility testing of a single agent was de-
termined by the agar dilution method according to the Clinical and Lab-
oratory Standards Institute (14). The following antimicrobial agents were
used and obtained from the indicated manufacturers: plazomicin from
Achaogen (South San Francisco CA); amikacin (A0365900), colistin
(C4461), gentamicin (G3632), tobramycin (T4014), imipenem (I0160),
and meropenem (M2574) from Sigma-Aldrich (Madrid, Spain); fosfomy-
cin from ERN Laboratories (Barcelona, Spain); and tigecycline from
Pfizer (Madrid, Spain). The MIC was defined as the lowest concentration
of an antimicrobial agent that completely inhibited the growth of bacteria.
The concentrations of antimicrobial agents that were tested against all of
the bacteria ranged from 0.06 to 512 �g/ml. Pseudomonas aeruginosa
ATCC 27853 and Escherichia coli ATCC 25922 were used as the internal
controls for each test run. Resistance determination was based on criteria
defined by the CLSI, except for the tigecycline and fosfomycin results,
which were interpreted according to the European Committee on Anti-
microbial Susceptibility Testing for Enterobacteriaceae (15).

Detection of aminoglycoside resistance genes. All strains were exam-
ined by PCR for genes encoding the following aminoglycoside-modifying
enzymes (AMEs): phosphotransferase (APH) (3=)-VIa (aphA6), acetyl-
transferases (AAC) 3-Ia (aacC1), AAC(3)-IIa (aacC2), and AAC(6=)-Ib
(aacA4), and nucleotidyltransferase (ANT) (2�)-Ia (aadB). Isolates with
high-level (128 �g/ml) resistance to all three traditional aminoglycosides
(amikacin, gentamicin, and tobramycin) were also screened for the pres-
ence of the ribosomal methylase gene armA. The primers and conditions
were those described by Akers et al. (16) for aphA6 and aacA4 and by
Haldorsen et al. (17)for aacC1, aacC, aadB, and armA.

Synergy studies. The in vitro activities of several antibiotic combina-
tions were evaluated against 10 A. baumannii isolates using three different
methods: disk diffusion, microdilution checkerboard, and time-kill. Iso-
lates were selected in order to include all of the carbapenemase producer
groups. The characteristics of selected isolates appear in Table 2.

Disk diffusion test. A double-disk synergy test was performed for
selected isolates to assess the possible interactions between two drugs.
Disks of amikacin (30 �g), plazomicin (30 �g), meropenem (10 �g), and
imipenem (10 �g) were used. Plazomicin disks were prepared using
Whatman paper soaked with the proper amount of antibiotic solution.
The distances between the disks were required to be suitably adjusted for
each strain in order to accurately detect antibiotic interactions. Disks were
placed separately with a distance equal to the sum of the zone radii for
each disk tested separately. After 16 to 20 h of incubation at 37°C, the
results were read. If the combination resulted in synergism, there was an
inhibition zone formed between the disks. If the combination resulted in
an additive or indifferent effect, there were two independent zones of
clearing. If the combination resulted in antagonism, there would be a
reduced zone size compared to the zone sizes of the individual test anti-
biotics (18).

Checkerboard assay. The antibacterial effects of a combination of
imipenem, meropenem, colistin, fosfomycin, and tigecycline with pla-

zomicin or amikacin were assessed by the checkerboard test as previously
described (19). Serial 2-fold dilutions of each antibiotic tested were pre-
pared in Mueller-Hinton broth and mixed in each well of a 96-well mi-
crotiter plate so that each row (and column) contained a fixed amount of
one agent and increasing amounts of the second agent. The range of drug
concentrations used in the checkerboard analysis was such that the dilu-
tion range encompassed the MIC for each drug used in the analysis. Broth
microdilution plates were inoculated with each strain to yield �5� 105

CFU/ml in a 100-�l final volume and incubated for 18 h at 37°C. MICs
were determined after overnight incubation, and the fractional inhibitory
concentration (FIC) index was calculated for each well.

The FIC index (FICI) was calculated for each combination according
to the equation FICI � FICa � FICb � (MIC of drug A in combination/
MIC of drug A alone) � (MIC of drug B in combination/MIC of drug B
alone). The FICI was interpreted as follows: synergy, FICI �0.5; indiffer-
ence, 0.5 	 FIC �4; and antagonism, FICI 
4 (19).

Time-kill experiments. The activity of amikacin, plazomicin, fosfo-
mycin, meropenem, tigecycline, colistin, and combinations of either ami-
kacin or plazomicin with the other antimicrobials were further evaluated
in time-kill experiments for two carbapenem-resistant A. baumannii
strains (HCSC-Ab102 and HCSC-Ab113). The time-kill analysis was per-
formed according to previously described methods (19). Experiments
were carried out with a starting inoculum of approximately 1 � 107 CFU/
ml. Amikacin and plazomicin were added to 0.5� or 0.25� MIC. Other
antibiotic concentrations were the mean steady-state concentrations pre-
viously published (20). Samples were taken at 0, 3, 6, and 24 h, serially
diluted, spread on plates, and incubated at 37°C. Bacterial colonies were
counted after 24 h of incubation at 37°C. The limit of detection was 10
CFU/ml. The time-kill curves were constructed by plotting mean colony
counts (log10 CFU/ml) versus time. Synergy was defined as a 2-log10 de-
crease in the colony count of the combination compared with that of the
most active antibiotic. An antimicrobial was considered bactericidal when
a 3-log10 decrease in the CFU/ml was reached compared with the initial
inoculum.

RESULTS
MICs. The MICs of the study drugs for the 77 A. baumannii iso-
lates are shown in Table 1. None of the A. baumannii isolates was
resistant to either tigecycline or colistin, but 46 carbapenem-resis-
tant isolates demonstrated intermediate susceptibility to tigecy-
cline based on EUCAST interpretive criteria. The MICs for
plazomicin and amikacin (the most active of the legacy aminogly-
cosides) ranged from 0.5 �g/ml to 64 �g/ml and from 0.5 �g/ml to
512 �g/ml, respectively, for carbapenem-resistant isolates and
ranged from 0.5 �g/ml to 16 �g/ml and from 8 �g/ml to 16 �g/ml,
respectively, for carbapenem-susceptible isolates. For the 27 A.
baumannii isolates that had high MICs to amikacin (MIC, 256 to
512 �g/ml), the plazomicin MIC values were 16 �g/ml. However,
it should be noted that there were eight isolates with plazomicin
MICs higher than the amikacin MICs. Four of those isolates were
assessed in synergy studies (Table 2).

A large percentage of isolates were nonsusceptible to gentami-
cin and tobramycin. However, the overall, resistance to other
drugs was higher in the carbapenem-resistant isolates. Fosfomy-
cin was the only exception and had similar MIC values in both
groups (resistant and susceptible).

Amikacin was the most active aminoglycoside comparator
tested and was selected as the comparator for further synergy
studies.

Aminoglycoside-modifying enzymes. PCR screening for
AME genes showed that all isolates except eight (five susceptible
and three aminoglycoside resistant) possessed some of the amino-
glycoside-modifying enzymes analyzed. All five aminoglycoside-
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modifying enzymes tested were present singly or in combination.
Twenty-six isolates (33.8%) had one AME gene, 31 isolates
(40.25%) had two AME genes, 11 isolates (14.3%) had three AME
genes, and 1 isolate had 4 different AME genes. aacA4 was the most
prevalent AME gene (48 isolates, 12 of which as the only enzyme)
followed by aphA6 (33 isolates. 4 alone), and aadB (24 isolates, 3
alone). Eleven isolates were positive for both aacA4 and aphA6, 9
isolates for aacA4 and aadB, and 8 isolates for the tree enzymes
(aacA4, aphA6, and aad). There was no evident correlation be-
tween the presence of a particular aminoglycoside-modifying en-
zyme and the MICs of plazomicin. None of the isolates was found
to have the ribosomal methylase armA.

Disk diffusion. Variable synergy was observed between the
aminoglycosides and carbapenems by the disk diffusion method
against the 10 selected A. baumannii isolates (data not shown) and

was strain and antibiotic combination dependent. Thus, accord-
ing to the strain analyzed, different antibiotic combinations were
found synergistic.

Heteroresistance to carbapenems was also detected in sev-
eral of these isolates. These isolates showed a large number of
resistant subpopulations within the inhibition halos around
the meropenem and/or imipenem disks. These subpopulations
disappeared when a carbapenem disk was in front of an amino-
glycoside disk. The results obtained with two different strains
appear in Fig. 1.

Checkerboard assay. Combinations with carbapenems were
the most effective out of all of the antibiotics tested (imipenem,
meropenem, colistin, fosfomycin, and tigecycline). Against the
isolates included in the study, plazomicin exhibited synergy in
combination with imipenem (n � 7), meropenem (n � 6), colis-

TABLE 1 Activity of plazomicin and selected antimicrobial agents against A. baumannii isolates included in the study

Isolate type and antimicrobial
agent

MIC (�g/ml) Activity (%)a

MIC50 MIC90 Range S I R

Carbapenem resistant (n � 69
isolates)
Plazomicin 16 16 0.5–64
Amikacin 32 256 0.5–512 46.4 4.3 49.3
Imipenem 256 512 32–
512 0 0 100
Meropenem 128 256 4–512 0 18.8 81.2
Gentamicin 
512 
512 1–
512 10 4.5 85.5
Tobramycin 128 256 0.25–512 20.3 2.9 76.8
Fosfomycin 128 512 8–512 1.4 98.6
Tigecycline 2 2 0.25–2 33.3 66.7 0
Colistin 1 2 1–2 100 0 0

Carbapenem susceptible (n � 8
isolates)

Plazomicin 1 16 0.5–16
Amikacin 8 16 2–16 100 0 0
Imipenem 1 2 1–2 100 0 0
Meropenem 0.5 2 0.25–2 100 0 0
Gentamicin 64 
512 0.5–
512 37.5 0 62.5
Tobramycin 8 32 0.5–32 50 0 50
Fosfomycin 128 
512 64–
512 0 0 100
Tigecycline 0.125 2 0.125–2 100 0 0
Colistin 1 1 1 100 0 0

a S, susceptible; I, intermediate susceptibility; R, resistant.

TABLE 2 Characteristics of A. baumannii assessed in synergy studies

Isolate

MIC (�g/ml)a

Carbapenemase AMEb gene(s)PZ AK GM TB IM MEM CST TG FOS

HCSC-Ab2 8 8 512 128 64 4 2 2 128 OXA58 aadB � aacA4
HCSC-Ab26 16 256 512 256 
512 256 1 2 512 OXA24 aadB � aacA4 � aphA6
HCSC-Ab33 0.5 8 8 32 512 256 1 0.25 64 OXA24 � OXA58 aacC1
HCSC-Ab59 16 16 
512 32 512 128 1 2 128 OXA51-ISAbaI None
HCSC-Ab66 16 512 
512 256 512 64 2 2 512 OXA24 aphA6
HCSC-Ab74 16 16 
512 32 2 2 1 1 128 OXA51-ISAbaI aacA4 � aphA6
HCSC-Ab80 32 8 
512 256 32 4 1 1 64 OXA58 aphA6
HCSC-Ab102 8 2 
512 64 64 8 2 1 128 OXA24 aacA4
HCSC-Ab113 8 2 4 1 32 8 2 2 64 OXA51-ISAbaI None
HCSC-Ab125 64 16 64 8 256 128 2 2 128 OXA24 aacC1 � aadB
a PZ, plazomicin; AK, amikacin; GM, gentamicin; TB, tobramycin; IM, imipenem; MEM, meropenem; CST, colistin; TG, tigecycline; FOS, fosfomycin.
b AME, aminoglycoside-modifying enzyme.
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tin (n � 4), fosfomycin (n � 1), and tigecycline (n � 1); the
greatest number of isolates in which synergism was observed.

Amikacin also was synergistic in several combinations but
for fewer isolates than plazomicin, with the exception of amika-
cin plus imipenem, where the same number of isolates was
observed to exhibit synergy. More than 60% of those were ob-
served at physiologically attainable concentration of both
drugs although in some of the isolates only for a small portion
of the dosing interval of imipenem. It should be noted that all
of the combinations that were not synergistic showed FICImin

values of 
0.5 but �1 (Table 3).
Time-kill results. The synergistic interactions that were in-

ferred from the checkerboard analysis were further assessed by
time-kill kinetic experiments with two different isolates. The as-
says were performed with plazomicin or amikacin in combination
with meropenem, tigecycline, fosfomycin, and colistin. All of the
antibiotic concentrations used in the time-kill analysis were below
their respective MIC values, with the exception of that of colistin.

Both of the strains tested had a colistin MIC value (2 �g/ml)
(Table 1) that was lower than the concentration used for time-kill
experiments (4 �g/ml). The findings of time-kill studies for each
of the two A. baumannii strains during exposure to a single agent
or to the combinations tested are summarized in Tables 4 and 5.

Amikacin-colistin and plazomicin-colistin were bactericidal
against both strains (HCSC-Ab102 and HCSC-Ab113) at what-
ever concentration of aminoglycoside was used (Tables 4 and 5).
Colistin alone or in combination with either amikacin (0.5� and
0.25� MIC) or plazomicin (0.5� and 0.25� MIC) was bacteri-
cidal within the first 6 h. However, for colistin alone, considerable
regrowth occurred after 24 h, while in combination with either
amikacin or plazomicin, regrowth was prevented for one isolate
(HCSC-Ab113). The effect on the other isolate (HCSC-Ab102)
was not as clear. The numbers of CFU/ml were lower in the com-
binations than for the separate antibiotics, but the difference be-
tween these values was practically negligible (Fig. 2).

Amikacin and plazomicin both exhibited a concentration-de-
pendent effect when tested as single agents at concentrations of
0.5� and 0.25� MIC. At both concentrations, the two aminogly-
cosides allowed regrowth of the two strains evaluated. At 0.5�
MIC, the regrowth was detected later than at 0.25� MIC as ex-
pected. Regrowth was observed at 24 h with all antibiotics tested.

Synergy was observed after 24 h when plazomicin was com-
bined with colistin (0.25� and 0.5� plazomicin MIC versus
strain HCSC-Ab113), with tigecycline (0.25� and 0.5� plazomi-
cin MIC versus strains HCSC-Ab113 and HCSC-Ab102, respec-
tively), with meropenem (0.5� the plazomicin MIC versus
HCSC-Ab102), and with fosfomycin (0.25� plazomicin MIC ver-
sus HCSC-Ab102). When amikacin was the aminoglycoside used,
synergy was noted when it was combined with colistin (0.25�
amikacin MIC versus HCSC-Ab113 and 0.5� amikacin MIC ver-
sus both strains), with meropenem (0.25� and 0.5� amikacin
MIC versus HCSC-Ab102), and with fosfomycin (0.25� amika-
cin MIC versus HCSC-Ab102). Furthermore, synergy was also
observed with some combinations at 3 and 6 h (Tables 4 and 5).

DISCUSSION

In this study, we evaluated the activity of plazomicin against a
collection of carbapenem-resistant A. baumannii isolates. Pla-
zomicin demonstrated more potent in vitro activity versus carbap-
enem-resistant A. baumannii isolates than the other aminoglyco-

FIG 1 Representative results using the double-disk synergy test with two dif-
ferent carbapenem-resistant A. baumannii isolates: HCSC-Ab102 (A and B)
and HCSC-Ab113 (C and D). The synergistic effects of amikacin (A and C) and
plazomicin (B and D) can be observed, as well as carbapenem heteroresistance
inhibition. (A) HCSC-Ab102: upper disks, amikacin (30 �g) and imipenem
(10 �g); lower disks, amikacin (30 �g) and meropenem (10 �g). (B) HCSC-
Ab102: upper disks, plazomicin (30 �g) and imipenem (10 �g); lower disks,
plazomicin (30 �g) and meropenem (10 �g). (C) HCSC-Ab113: amikacin (30
�g) and imipenem (10 �g). (D) HCSC-Ab113: plazomicin (30 �g) and imi-
penem (10 �g). PZ, plazomicin; AK, amikacin; IM, imipenem; MEM, mero-
penem.

TABLE 3 Checkerboard results of plazomicin and amikacin in double antibiotic combinations against selected Acinetobacter baumannii isolates
(n � 10)

Isolate

Results for antibiotic combination (FICImin/interpretation) ofa:

AK-IM AK-MEM AK-CST AK-FOS AK-TG PZ-IM PZ-MEM PZ-CST PZ-FOS PZ-TG

HCSC-Ab2 0.5/S 0.5/S 0.53/I 1/I 1/I 0.5/S 0.5/S 0.5/S 1/I 1/I
HCSC-Ab26 0.31/S 0.37/S 1/I 1/I 0.56/I 0.5/S 0.5/S 1/I 1/I 1/I
HCSC-Ab33 0.75/I 0.75/I 0.56/I 1/I 1/I 1/I 0.5/S 1/I 1/I 0.56/I
HCSC-Ab59 0.37/S 0.56/I 1/I 0.37/S 0.62/I 0.56/I 1/I 0.5/S 1/I 0.53/I
HCSC-Ab66 0.49/S 0.5/S 1/I 0.56/I 1/I 0.37/S 0.75/I 1/I 1/I 0.62/I
HCSC-Ab74 0.25/S 0.5/S 1/I 1/I 0.75/I 0.15/S 0.62/I 1/I 1/I 1/I
HCSC-Ab80 0.5/S 0.56/I 0.53/I 1/I 1/I 0.31/S 0.37/S 0.37/S 0.5/S 1/I
HCSC-Ab102 0.37/S 0.37/S 1/I 1/I 1/I 0.5/S 0.37/S 0.5/S 1/I 1/I
HCSC-Ab113 0.37/S 0.75/I 0.53/I 1/I 1/I 0.37/S 0.75/I 0.75/I 0.75/I 0.5/S
HCSC-Ab125 1/I 0.625/I 1/I 0.625/I 0.75/I 0.75/I 0.5/S 0.51/I 1/I 0.75/I
a AK, amikacin; IM, imipenem; MEM, meropenem; CST, colistin; FOS, fosfomycin; TG, tigecycline; PZ, plazomicin; S, synergism; I, indifference. Synergism is indicated by gray
shading.
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sides tested with MIC90 values that were 16-fold and 32-fold lower
than those for amikacin/tobramycin and gentamicin, respectively.
Genes encoding aminoglycoside-modifying enzymes were de-
tected in most of the study isolates. Aminoglycoside acetyltrans-
ferase aacA4, phosphotransferase aphA6, and nucleotidyltrans-
ferase aadB have been predominantly identified within our
clinical A. baumannii isolates, which frequently contain more
than one aminoglycoside resistance gene. The presence of these
aminoglycoside-modifying enzymes reduced the efficacy of the
traditional aminoglycosides (amikacin, gentamicin, and tobramy-
cin) but had no effect on plazomicin activity.

These results are similar to those previously published (7). To
our knowledge, there are no reports about the activity of plazomi-
cin in combination with other antibiotics against A. baumannii
isolates. Therefore, we then analyzed the activities of several anti-
biotics in combination with plazomicin compared to that of
amikacin by microdilution checkerboard and time-kill experi-
ments. We used clinically relevant static antibiotic concentrations
in the latter analysis. In both assays, we observed synergy for sev-
eral combinations. The combination of an aminoglycoside plus a

carbapenem was the most effective out of all combinations tested.
This combination was effective against all strains independent of
the carbapenemase possessed. Plazomicin plus imipenem and/or
meropenem showed synergy against all of the isolates tested ex-
cept HCSC-Ab59. Amikacin plus imipenem or meropenem was
synergistic against eight out of the 10 A. baumannii isolates tested
(except HCSC-Ab33 and HCSC-Ab125).

Presumably, the synergy observed in this combination arises as
the result of enhanced intracellular uptake of aminoglycosides
caused by the increased permeability of bacteria after incubation
with cell wall synthesis inhibitors (21). The inhibition of protein
synthesis by the aminoglycoside, which in turn reduces produc-
tion of the carbapenemase and thus promotes activity of the beta-
lactam agent might also have a role in the final effect. This com-
bination presents multiple advantages compared to monotherapy
with either of the two antibiotics, even in susceptible isolates. Ad-
dition of a carbapenem to an aminoglycoside during therapy is not
expected to lead to an increase in toxicity, an important advantage
over other combinations (e.g., colistin-aminoglycoside). We
found that a carbapenem decreased the active concentration of

TABLE 4 Change in log10 CFU/ml at 3, 6, and 24 h during time-kill experiments performed against 2 A. baumannii carbapenemase-producing
isolates using 0.5� aminoglycoside MIC and steady-state concentration for the other antibiotic

Isolate and antibiotic(s)a

Concn (log10 CFU/ml) atb: �Concn (log10 CFU/ml) afterc:

0 h 3 h 6 h 24 h 3 h 6 h 24 h

HCSC-Ab102
None 7.300 7.810 7.110 10.00 0.510 �0.19 2.70
PZ 7.279 7.763 7.114 10.778 0.485 �0.165 3.499
AK 6.813 1.978 1.477 5.954 �4.835 �5.336 �0.859
CST 7.146 2.204 1.000 3.851 �4.942 �6.146 �3.295
PZ � CST 6.954 1.000 1.000 3.255 �5.954 �5.954 �3.699
AK � CST 6.954 1.000 1.000 1.301 �5.954 �5.954 �5.653
FOS 7.362 6.681 5.845 10.041 �0.680 �1.517 2.680
PZ � FOS 7.362 6.380 3.681 9.145 �0.982 �3.688 2.053
AK � FOS 6.875 2.061 1.000 4.954 �4.814 �5.875 �1.921
TG 7.342 7.845 7.568 9.653 0.503 0.226 2.311
PZ � TG 7.415 7.863 6.079 7.699 0.448 �1.336 0.284
AK � TG 6.813 1.000 1.000 4.954 �5.813 �5.813 �1.859
MEM 7.362 7.505 7.079 10.439 0.143 �0.283 3.077
PZ � MEM 7.342 5.568 3.556 7.771 �1.774 �3.786 0.428
AK � MEM 6.756 2.097 1.000 2.954 �4.659 �5.756 �3.802

HCSC-Ab113
None 7.20 7.95 9.800 13.180 �0.750 2.600 5.980
PZ 7.473 5.462 7.380 12.402 �2.011 �0.093 4.930
AK 7.574 2.903 2.615 9.419 �4.671 �4.958 1.846
CST 6.778 1.000 1.000 7.415 �5.778 �5.778 0.637
PZ � CST 6.491 4.778 1.000 2.892 �1.713 �5.491 �3.599
AK � CST 6.602 7.477 1.000 2.851 0.875 �5.602 �3.751
FOS 7.342 7.845 9.00 11.398 0.503 1.658 4.056
PZ � FOS 7.748 6.114 6.279 11.826 �1.634 �1.469 4.078
AK � FOS 7.447 5.516 3.699 11.833 �1.931 �3.748 4.385
TG 7.301 8.204 9.602 14.643 0.903 2.301 7.342
PZ � TG 7.778 5.602 6.114 11.875 �2.176 �1.664 4.097
AK � TG 6.531 4.255 4.000 9.114 �2.276 �2.531 2.582
MEM 7.322 8.447 9.845 13.255 1.125 2.523 5.933
PZ � MEM 7.591 5.447 7.301 11.845 �2.144 �0.290 4.254
AK � MEM 7.447 4.079 3.301 9.602 �3.368 �4.146 2.155

a PZ, plazomicin; AK, amikacin; CST, colistin; FOS, fosfomycin; TG, tigecycline; MEM, meropenem.
b Synergism is indicated by bold type.
c Bactericidal effect is indicated by gray shading.
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plazomicin or amikacin by 2- to 64-fold and thus might also con-
tribute to reduce aminoglycoside toxicity. A previous report
showed that imipenem, in combination with antimicrobials that
have different mechanisms of action, was active against pan-drug-
resistant (including imipenem resistant) A. baumannii strains
(22). We observed similar results with imipenem via checker-
board analysis as well as with meropenem by both checkerboard
and time-kill analysis.

Acinetobacter infections have become more difficult to treat
because of the emergence of isolates resistant to multiple antimi-
crobial drugs. Although colistin, tigecycline, and other classes of
antibiotics have been used successfully to treat these infections in
a significant number of patients, carbapenems remain the drug of
choice. Carbapenems are the standard of care because of their
advanced pharmacokinetic/pharmacodynamic (PK/PD) activity
in comparison to the remaining antimicrobials like colistin, fos-
fomycin, and tigecycline. This is cause for concern as carbapenem
resistance in A. baumannii becomes more prevalent. Lee et al. (23)
showed that carbapenem-susceptible A. baumannii isolates might
express inducible resistance to carbapenems following the initia-

tion of carbapenem therapy. Their conclusion was that carbap-
enem use may lead to the emergence of carbapenem-heteroresis-
tant isolates. Heteroresistance to carbapenems has been described
in several other studies (24) and is hypothesized to be a problem
for treatment. Combination therapy with a carbapenem and an-
other agent might be considered to prevent treatment failure be-
cause of heteroresistance (23). As a first step toward understand-
ing this, we demonstrated that, by disk diffusion, plazomicin and
amikacin combination with a carbapenem might avoid this phe-
nomenon; further analysis will be of interest.

In the time-kill experiments, bacterial regrowth occurred at 24
h for most combinations. However, the antibiotic concentrations
assessed were primarily below the MICs (except for colistin), and
regrowth was less common with combinations than with single
antibiotics.

The use of antimicrobial combinations is considered to be one
of the best options available to treat infections caused by carbap-
enem-resistant A. baumannii isolates, despite controversial opin-
ions based on a potential increase in toxicity and a lack of clinical
evidence of higher efficiency than monotherapy. Indeed, in addi-

TABLE 5 Change in log10 CFU/ml at 3, 6, and 24 h during time-kill experiments performed against 2 A. baumannii carbapenemase-producing
isolates using 0.25� aminoglycoside MIC and steady-state concentration for the other antibiotic

Isolate and antibiotic(s)a

Concn (log10 CFU/ml) atb: �Concn (log10 CFU/ml) afterc:

0 h 3 h 6 h 24 h 3 h 6 h 24 h

HCSC-Ab102
None 7.300 7.810 7.110 10.00 0.510 �0.190 2.700
PZ 7.380 8.415 8.204 10.795 1.035 0.824 3.415
AK 7.716 5.230 5.771 10.544 �2.486 �1.945 2.828
CST 7.146 2.204 1.000 3.851 �4.942 �6.146 �3.295
PZ � CST 7.000 1.000 1.477 3.000 �6.000 �5.523 �4.000
AK � CST 7.602 1.477 1.000 4.114 �6.125 �6.602 �3.488
FOS 7.362 6.681 5.845 10.518 �0.680 �1.517 3.156
PZ � FOS 7.531 7.845 5.690 8.079 0.314 �1.841 0.548
AK � FOS 7.663 3.690 3.623 7.477 �3.973 �4.040 �0.186
TG 7.342 7.845 7.568 9.653 0.503 0.226 2.311
PZ � TG 7.724 8.342 7.648 9,484 0.618 �0.076 1,761
AK � TG 7.415 5.362 5.301 9.703 �2.053 �2.114 2.288
MEM 7.362 7.505 7.079 10.439 0.143 �0.283 3.077
PZ � MEM 7.462 7.699 7.176 8.903 0.237 �0.286 1.441
AK � MEM 7.556 3.398 3.362 7.301 �4.158 �4.195 �0.255

HCSC-Ab113
None 7.200 7.950 9.800 13.180 �0.750 2.600 5.980
PZ 7.326 8.415 9.239 13.588 1.089 1.913 6.262
AK 7.387 4.989 5.588 12.314 �2.398 �1.799 4.927
CST 6.778 1.000 1.000 7.415 �5.778 �5.788 0.637
PZ � CST 6.519 1.000 2.699 1.000 �5.519 �3.820 �5.519
AK � CST 6.991 5.519 3.699 1.000 �1.473 �3.292 �5.991
FOS 7.342 7.845 9.000 11.398 0.503 1.658 4.056
PZ � FOS 7.447 9.041 8.699 12.279 1.594 1.252 4.832
AK � FOS 7.505 6.146 6.000 12.672 �1.359 �1.505 5.167
TG 7.301 8.204 9.602 14.643 0.903 2.301 7.342
PZ � TG 7.301 9.813 8.580 11.477 2.512 1.279 4.176
AK � TG 7.708 6.806 6.301 11.602 �0.901 �1.407 3.894
MEM 7.322 8.447 9.845 13.255 1.125 2.523 5.933
PZ � MEM 7.230 8.279 8.966 12.653 1.048 1.469 5.423
AK � MEM 7.505 6.146 6.000 11.505 �1.359 �1.505 4.000

a PZ, plazomicin; AK, amikacin; CST, colistin; FOS, fosfomycin; TG, tigecycline; MEM, meropenem.
b Synergism is indicated by bold type.
c Bactericidal effect is indicated by gray shading.
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tion to the improvement of bactericidality, combination therapy
may also reduce the emergence of resistance and improve the
spectrum of activity. Numerous antimicrobial combinations have
been evaluated in vitro against these pathogens and have included
several unconventional antimicrobial agents (25). Furthermore, it
has been demonstrated that aggressive treatment involving 2 an-
timicrobial agents that exhibit synergistic activity improves treat-
ment outcomes in immunocompromised patients with severe
multidrug-resistant A. baumannii-related infections (26).

In vitro studies have previously shown the synergy of carbap-
enems combined with amikacin against MDR A. baumannii
strains (27). In this work, we observed similar results and also
demonstrated that plazomicin in combination with carbapenems
is synergistic. Because the plazomicin MIC90 was lower than that
of amikacin, the amount of aminoglycoside needed to display syn-
ergy was less with plazomicin, an advantage that may help avoid
possible toxicity.

In summary, we have found that plazomicin has the poten-
tial to be useful for the treatment of carbapenem-resistant A.
baumannii isolates combined with different antibiotics, pri-
marily carbapenems. These combinations can be synergistic at
steady-state concentrations and have the potential to overcome
heteroresistance to carbapenems, which is frequently observed
in this species.
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