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Objectives: Infections caused by multidrug-resistant (MDR) Acinetobacter baumannii (A. baumannii) are a
growing problem because of the limited options for treatment. The number of antimicrobials that are
currently being developed is still insufficient to control this global threat. Combination therapies of
antibiotics with different antimicrobial mechanisms have been proposed as the best options for treating
MDR A. baumannii infections. The objective of this study was to investigate the in-vitro effectiveness of
ceftazidime/avibactam alone or in combination with antibiotics against MDR A. baumannii isolates using
time-kill assays.
Methods: Forty clinical MDR strains were screened, and minimum inhibitory concentrations (MIC) and
minimum bactericidal concentrations (MBC) of ceftazidime/avibactam, colistin, levofloxacin, merope-
nem, tigecycline, and tobramycin were determined by microbroth dilution method. The in-vitro
synergistic activities of ceftazidime/avibactam with antibiotic combinations were determined by time-
kill assays at 1x MIC and 4x MIC against five MDR A. baumannii isolates.
Results: Based on MIC results, all isolates of A. baumannii were resistant to ceftazidime/avibactam,
except for AB-5. All isolates were found to be resistant to meropenem and levofloxacin. At 4x MIC, all of
the tested antibiotics showed bactericidal effect (>3logjokilling). The synergistic activities of
ceftazidime/avibactam + colistin, ceftazidime/avibactam + tobramycin and ceftazidime/avibactam + tige-
cycline combinations at 1x MIC were observed against studied 5/5, 4/5 and 4/5 strains, respectively.
Furthermore, all of the tested combinations at 4x MIC were additive at 24 h. No antagonism was
observed.
Conclusions: The findings of this study suggest that a significant bactericidal effect was seen with all
tested combinations. These findings present significant implications for antibiotic choice for the
treatment of infections caused by MDR A. baumannii.
© 2018 International Society for Chemotherapy of Infection and Cancer. Published by Elsevier Ltd. All
rights reserved.
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1. Introduction

Acinetobacter baumannii (A. baumannii) have emerged as
serious human health risks and are associated with many human
diseases such as pneumonia, wound infections, meningitis, and
sepsis [1]. A. baumannii has been emerging worldwide as an
important nosocomial pathogen, particularly in intensive care
units [2]. Since A. baumannii infections may be difficult to treat, due
to the multidrug resistance (MDR) (including carbapenems), few
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therapeutic options like polymyxins and tigecycline have been
prescribed as the agent of last resort [3,4]. However, polymyxins
and tigecycline-resistant isolates of A. baumannii have also been
reported by researchers [3,5,6]. The development of new
antimicrobial agents to combat A. baumannii infections has been
slow, with few options currently in the pipeline [7]. Thus, the use of
combinations of two or more agents has been suggested as an
option for combatting MDR A. baumannii infections [2,7]. In
addition, combination therapy may also help to prevent the
emergence of resistant populations.

The ceftazidime/avibactam combination was approved by the
FDA in February 2015 for the treatment of complicated intra-
abdominal infections in combination with metronidazole, compli-
cated urinary tract infections, and also HAP/VAP infections caused
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by MDR pseudomonas species and MDR Enterobacteriaceae [8].
However, acinetobacter and stenotrophomonas clinical species are
generally resistant to ceftazidime/avibactam [9]. Additional
studies are needed to establish what the potential roles of
ceftazidime/avibactam, in combination with other antibiotics,
are against MDR A. baumannii infections.

This study investigated the synergistic and bactericidal effects
of ceftazidim/avibactam alone or in combination with colistin,
levofloxacin, meropenem, tigecycline, and tobramycin against
MDR A. baumannii strains.

2. Materials and methods
2.1. Bacterial isolates

Forty nonduplicate and nosocomially acquired MDR A. bau-
mannii strains isolated from blood specimens during January-June
2016 were obtained from the Department of Infectious Diseases
and Clinical Microbiology, Faculty of Medicine, Istanbul Medipol
University. All strains were identified using API 20 NE (BioM’er-
ieux). Pseudomonas aeruginosa ATCC 27853 (American Type
Culture Collection, Rockville, MD, USA) was used throughout the
study as a reference strain to verify the accuracy of the micro-
dilution test procedure and to ensure that minimum inhibitory
concentration (MIC) and minimum bactericidal concentration
(MBC) values of the studied antibiotics were within the accuracy
range stated by the Clinical and Laboratory Standards Institute
(CLSI). Quality control for ceftazidime/avibactam was monitored
with Klebsiella pneumoniae strain ATCC 700603, according to CLSI
guidelines [10,11].

2.2. Antibiotics

All antimicrobial agents were kindly provided by their
respective manufacturers. Stock solutions of ceftazidime, ceftazi-
dime/avibactam, colistin sulfate, tobramycin, and levofloxacin
were prepared according to the manufacturers’ recommendations
and stored frozen at —80°C for up to 6 months. Tigecycline and
meropenem solutions were prepared on the day of use.

2.3. Media

Mueller-Hinton broth (MHB; Difco Laboratories, Detroit, MI,
USA) supplemented with divalent cations to a final concentration
of 25 mg/L Mg 2* and 50 mg/L Ca 2* (CSMHB) was used for all of the
experiments. The broth was used within 24 h of preparation for the
tigecycline [12]. Pour plates of tryptic soy agar (TSA; Difco
Laboratories) were used for colony counts.

2.4. MIC and MBC determination

MICs were determined by the microbroth dilution technique, as
described by the CLSI [10,11]. Serial two-fold dilutions ranging
from 256-0.25mg/L for ceftazidime, ceftazidime/avibactam,
levofloxacin, meropenem, and tobramycin, and from 128 to
0.015mg/L for tigecycline and colistin were prepared in fresh
CSMHB 96-well microtiter plates. For ceftazidime-avibactam,
doubling dilutions of ceftazidime were utilized in combination
with a fixed 4 mg/L concentration of avibactam. The inoculum was
prepared with a 4-6-h broth culture that gave a final concentration
of 5x10° CFU/mL in the test tray. The trays were covered and
placed in plastic bags to prevent evaporation, and incubated at
37°C for 18-20 h. The MIC was defined as the lowest concentration
of antibiotic giving complete inhibition of visible growth. Experi-
ments were performed in triplicate. MBCs were determined at the
conclusion of the incubation period by removing two 0.01 mL

samples from each well demonstrating no visible growth and
plated onto TSA. Resultant colonies were counted after an
overnight incubation at 37 °C. The MBC was defined as the lowest
concentration of antibiotic giving at least a 99.9% killing of the
initial inoculums [13].

2.5. Determination of time-kill curves

In order to observe the dynamic profile of the bactericidal activity
of ceftazidime/avibactam alone and in combination with colistin,
levofloxacin, meropenem, tigecycline and tobramycin, the time-Kkill
curve (TKC) method was performed at one and four times the MIC
against AB-1, AB-2, AB-3, AB-4 and AB-5 clinical strains representing
different susceptibility paterns [ 13]. AB-1 was susceptible to colistin
and tobramycin, AB-2 was only susceptible to colistin, AB-4 was only
susceptible to tobramycin, and AB-5 was susceptible to ceftazidime/
avibactam and colistin. AB-3 was resistant to all studied antibiotics.
This assaysrevealed that there are minor differences in the kinetics of
bactericidal activity among the studied strains that represented
different susceptibility patterns. Antibiotic-free controls were
included for each strain. Inocula were quantified spectrophotomet-
rically and added to the flasks to yield a final concentration of 1x
10® CFU/mL. The test tubes containing CSMHB with and without
(growth control) antibiotics in a final volume of 10mL were
incubated in a 37°C calibrated shaking water bath, and viable
counts were determined at 0, 2, 4, 6, and 24-h intervals after
inoculation, by subculturing 0.1 mL serial dilutions onto TSA plates.
All tests were performed in duplicate. Time-kill curves were
constructed by plotting mean colony counts (log;o CFU/mL) versus
time. The lowerlimit of detection for time-kill assays was 11ogo CFU/
mL. Antimicrobial carryover was controlled by the inhibition of
colonial growth at the site of the initial streak according to NCCLS
guidelines [13]. Bactericidal activity was defined as a >3 log;o CFU/
mL decrease from the initial inoculum. The results were interpreted
by the effect of the combination in comparison with its more active
constituent. Synergy and antagonism were defined as a 2logg
decrease or increase, respectively, in colony count at 24 h by the
combination compared with the most active agent alone.

3. Results
3.1. Susceptibility

The in-vitro activities of the studied antibiotics against 40 MDR A.
baumannii strains are summarized in Table 1. The MIC values of the
antibiotics against the quality-control strains were within the
accuracy range of the CLSI throughout the study [10,11]. Suscepti-
bility testing demonstrated that the MIC ranges for ceftazidime/
avibactam, colistin, levofloxacin, meropenem, tigecycline, and
tobramycin were 8 to >256, 0.125 to >256, 2-128, 16-256, 1-32,
and 0.5 to >256mg/L, respectively. The MBC ranges for those
antibiotics were 16 to >256, 0.25 to >256, 2 to >256, 32 to >256, 2-
256, and 1 to >256 mg/L, respectively. Based on MIC results, all 40
MDR isolates of A. baumannii were resistant to ceftazidime
(MIC>256mg/L) and ceftazidime/avibactam. Only AB-5 was
susceptible to ceftazidime/avibactam (MIC=8 mg/L). All the stud-
ied isolates were resistant to ceftazidime alone. All the studied
isolates were found to be resistant to meropenem and levofloxacin
(exceptone strain of levofloxacin), respectively. There was no major
differences between bactericidal and inhibitory endpoints, the
MBCs were generally two or four-fold higher than those of the MICs.

3.2. Time-kill kinetics

The results of the TKC studies showed bactericidal activity with
the used antibiotics in a concentration-dependent manner, with a
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Table 1

In vitro activities of antibiotics against 40 clinically obtained strains of MDR Acinetobacter baumannii.

Antibiotics MIC (mg/L) MBC (mg/L) Susceptibility (n (%))
MIC range MICso MICqo MBC range MBCsq MBCgg S 1 R

CEF 256 to >256 256 >256 >256 >256 >256 0.0 0.0 40 (100)
CEF/AVI* 8 to >256 64 256 16 to >256 128 >256 1(2.5) 0.0 39 (97.5)
(&) 0.125 to >256 0.5 16 0.25 to >256 2 32 29 (72.5) 0.0 11 (27.5)
LVX 2-128 16 64 2 to >256 32 256 1(2.5) 0.0 39 (97.5)
MER 16-256 64 256 32 to >256 128 >256 0.0 0.0 40 (100)
TGC® 1-32 4 8 2-256 8 32 10 (25) 16 (40) 14 (35)
TOB 0.5 to >256 32 > 256 1 to >256 64 >256 4 (10) 4 (10) 32 (80)

Clinical and Laboratory Standards Institute (CLSI) breakpoints for susceptibility and resistance to: colistin are <2 mg/L and >4 mg/L, respectively; ceftazidime are <8 mg/L and
>32 mg/L, respectively; levofloxacin are <2 mg/L and >8 mg|/L, respectively; to meropenem are <4 mg/L and >16 mg/L, respectivelty; tobramycin are <4 mg/L and >16 mg/L,

respectively.

2 No susceptibility breakpoint for Acinetobacter has been provided by CLSI. CLSI breakpoints for susceptibility and resistance to ceftazidime alone are <8 mg/L and >32 mg/

L used for comparison only.

b No susceptibility breakpoint for Acinetobacter has been provided by CLSI. The FDA-approved breakpoints for Enterobacteriaceae susceptibility and resistance to

tigecycline are <2 mg/L and >8 mg/L, respectively.

three-log kill determined within 24 hours for the studied strains at
4 x MIC concentrations (Fig. 1b, d, f, h and j). When these antibiotics
were used in combination at 1 x MIC, synergistic interactions were
obtained from ceftazidime/avibactam +colistin combinations for
all strains (Figure 14, c, e, g and i). The synergistic interactions of
these antimicrobial agents were also achieved with combinations
of ceftazidime/avibactam +tobramycin and ceftazidime/avibac-
tam + tigecycline used at 1x MIC for four studied strains (Fig. 1).
No antagonism was observed with any combination.

4. Discussion

A rise in infections due to multidrug-resistant A. baumannii
strains, including carbapenem-resistant isolates, has limited the
treatment options [7,14]. Even extrensively drug resistant (XDR) A.
baumannii isolates displaying resistance to all antimicrobials,
including polymyxins and tigecycline, have emerged [15,16]. Thus,
combination therapy has been recommended not only to combat
MDR A. baumannii infections but also to inhibit or reduce the
emergence of resistance during treatment. In the present study,
the effectiveness of five antimicrobial agents alone or in
combination with ceftazidime/avibactam against MDR A. bau-
mannii isolates were evaluated using an in vitro time-kill analysis.

All studied MDR A. baumannii isolates were resistant to
ceftazidime/avibactam except AB-5. Despite the limited bacterial
killing of ceftazidime/avibactam against MDR A. baumannii, it
showed bactericidal effects at high concentration at 4x MIC
(except for one strain), which is clinically important considering
the dose-dependent activity. Also, this study showed the
synergistic and bactericidal effects of the ceftazidime/avibactam +
colistin combination just at the MIC level, which was sustained for
24 h. This has very promising implications in terms of using lower
doses of colistin in therapy, and thus lowering its potential toxic
effects. This also holds true for the colistin-resistant isolate (AB-3
and AB-4) showing important implications for the combinations in
the treatment of colistin-resistant strains. The current results,
which were noted to be similar to Soudeiha et al., showed better
additive activity colistin plus beta-lactam combinations like
meropenem [17].

Aminoglycoside monotherapy can cause significant killing of A.
baumannii but is followed by rapid and extensive resistance
emergence in vitro and in patients [18]. The high rates of A.
baumannii resistance highlight the urgent need for alternative
treatment options such as rationally optimized combination
therapies. Aminoglycoside and beta-lactam antibiotics have
different mechanisms of action and resistance; there is no efflux
pump that affects both of these antibiotic classes in A. baumannii

[19]. This suggests that beta-lactams may kill aminoglycoside-
resistant bacteria and vice versa (subpopulation synergy). Addi-
tionally, disruption of the outer membrane by an aminoglycoside
may enhance the target site penetration of beta-lactams, since the
outer membrane of A. baumannii is approximately 2- to 7-fold [20].
Likewise, in this study, ceftazidime/avibactam + tobramycin com-
binations showed good synergistic activity against four MDR A.
baumannii strains even at the MIC level, which was sustained for
24 h.

Although levofloxacin is considered in-vitro active against A.
baumannii, the time-Kkill effect of levofloxacin on A. baumannii is
limited [21]. Safarika et al. showed that synergy between
levofloxacin and imipenem was found against 58.6% of isolates
of A. baumannii from patients with VAP [22]. However, in the
current study, levofloxacin only showed additive effects in
combination with ceftazidime/avibactam in both the 1x MIC
and 4x MIC concentrations used.

Carbapenems, like meropenem, have previously been consid-
ered the gold standard treatment option for infections caused by A.
baumannii [23]. However, due to the global emergence of serine-
and metallo-beta-lactamase-producing strains, carbapenem sus-
ceptibility has substantially declined. Studies have suggested that
combination therapy with a carbapenem agent is a seemingly
superior treatment option compared with monotherapy. Lenhard
et al. showed that the triple combination of polymyxin B,
meropenem, and ampicillin/sulbactam sustained bactericidal
activity against a polymyxin-resistant A. baumannii isolate in a
14-day hallow-fiber infection model [24]. The current study also
showed that ceftazidime/avibactam + meropenem combinations
have synergistic activity against three MDR A. baumannii strains
even at MIC level, which was sustained for 24 h.

Studies have shown that tigecycline monotherapy has a
significantly lower microbiological cure rate for treating MDR or
XDR A. baumannii infections. This is probably due to an inadequate
tigecycline plasma concentration [25]. Kengkla et al. revealed that
the microbiological cure obtained with tigecycline is low in
patients with bacteremia [25]. Likewise, this in-vitro study found
that tigecycline monotherapy is not effective at MIC concentrations
for 24h among the studied strains. However, it did show that
ceftazidime/avibactam + tigecycline combinations have good syn-
ergistic activity against four MDR A. baumannii strains, even at the
MIC level, which was sustained for 24 h.

Moreover, single-agent studies have shown that all studied
antibiotics displayed strong bactericidal effects (>3 log,killing) at
4x MIC concentrations for 24 h. However, the current study could
not find a difference between combinations at 4x MIC among
studied strains in which combinations were additive, except one
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Fig. 1. Time-kill determinations for five multidrug-resistant A. baumannii strains after treatment with ceftazidim/avibactam (CEF/AVI) alone or in combination with colistin
(CS), levofloxacin (LVX), meropenem (MER), tigecycline (TGC), and tobramycin (TOB) at at 1x MIC or 4x MIC. The x-axis represents the killing time, and the y-axis represents
the logarithmic MDR A. baumannii survival.



E. Mataraci Kara et al. /Journal of Global Antimicrobial Resistance 17 (2019) 137-141 141

strain - AB-5 - which was susceptible to both ceftazidime/
avibactam and colistin. That combination showed synergism at
this concentration only.

In conclusion, ceftazidime/avibactam + colistin, ceftazidime/
avibactam + tigecycline and ceftazidime/avibactam +tobramycin
combinations showed good in vitro activities against MDR A.
baumannii isolates. Even though ceftazidime/avibactam has
limited activity against Acinetobacter spp., the combinations with
ceftazidime/avibactam are more warranted in order to cause
synergism, thus lowering their potential toxic effects and
preventing the development of resistance.
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