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Colistin plus meropenem combination is synergistic in vitro against
extensively drug-resistant Pseudomonas aeruginosa, including
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A B S T R A C T

Background: Extensively drug-resistant (XDR) Pseudomonas aeruginosa (P. aeruginosa) and particularly P.
aeruginosa high-risk clones, are of growing concern because treatment options are limited. For years,
colistin monotherapy has been the only available treatment, but is well known that is not an optimal
treatment. A combination of colistin with another antibiotic could be a possible therapeutic option.
Objectives: This study aimed to investigate effective antibiotic combinations against 20 XDR P. aeruginosa
isolates obtained in a Spanish multicentre study (2015).
Methods: Forty-five checkerboards with six antipseudomonal antibiotics (amikacin, aztreonam,
ceftazidime, meropenem, colistin, and ceftolozane/tazobactam) were performed to determine whether
combinations were synergic or additive by fractional inhibitory concentration indices. On average, 15
different regimens were evaluated in duplicate against the three most prevalent high-risk clones (ST175,
ST235, ST111) by time-kill analyses over 24 h. The combination showing synergism in the three high-risk
clones was validated in all studied XDR isolates.
Results: In time-kill curves, the untreated control failed, as did each study regimen when administered
alone. Two combinations were synergistic in the three high-risk clones that were initially studied:
amikacin plus ceftazidime and colistin plus meropenem, with the second being the most effective
combination. The efficacy of colistin plus meropenem was then tested in all 20 isolates. A synergistic
bacterial density reduction for the duration of the study occurred in 80% of the entire XDR collection.
Conclusions: These data suggest that colistin plus meropenem may be a useful combination for the
treatment of infections due to XDR P. aeruginosa, including high-risk clones, which warrants evaluation in
a clinical trial.
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reserved.
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1. Introduction

The world has faced a dramatic increase in antimicrobial
resistance of Gram-negative bacteria in recent years. One
representative microorganism with an extraordinary capacity to
develop resistance is Pseudomonas aeruginosa (P. aeruginosa) [1,2].
Extensively drug-resistant (XDR) P. aeruginosa isolates, and
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particularly those recently designated as ‘high-risk clones’, are
disseminated in hospitals around the world and have been related
to very-difficult-to-treat infections [3–5]. The currently available
therapeutic options for these infections yield suboptimal results,
with concerning toxicity rates and a very narrow therapeutic
window [6,7]. Without new therapeutic options, the outcome of
patients with many types of infectious diseases will be compro-
mised. Another worrisome feature of P. aeruginosa infection is the
high risk for selection of resistant isolates during monotherapy [7].
These factors argue in favour of using combined therapy [5], which
could broaden the spectrum of coverage, achieve an additive
or synergistic antibacterial effect, and suppress emerging
resistance [7].

Pseudomonas aeruginosa has a non-clonal epidemic population
structure, in which a small number of widespread clones are
selected from a background of a large number of rare and unrelated
genotypes that recombine at a high rate [1]. In addition to classical
molecular epidemiology and phenotypically-targeted assessment
of resistance mechanisms, recent whole genome sequencing
studies have provided relevant information regarding the complex
resistome of multidrug-resistant (MDR)/XDR high-risk clones
[8–14]. The most prevalent P. aeruginosa high-risk clones are
thought to be ST111, ST175 and ST235 [1]. In a recent report, the
current group analysed 150 XDR P. aeruginosa isolates from nine
Spanish hospitals. Most of the isolates belonged to ST175 (67.3%),
although ST244 (10.7%), ST235 (5.3%), and ST111 (1.3%) were also
found. The remaining clones were less common and also less
widely disseminated; these included ST253, ST313, ST179, ST274,
ST395, ST455, ST2221, and four recently described STs: ST2533,
ST2534, ST2535, and ST2536 [15].

Patients with infection caused by XDR P. aeruginosa high-risk
clones are mainly treated with polymyxins or aminoglycosides
[16]. Colistin use is hampered by the associated side effects
(particularly nephrotoxicity) and difficulty in establishing an
optimal dose and reaching therapeutic levels [6,16,17]. Polymyxin
monotherapy may result in treatment failure (as reliably effective
plasma exposure is not always attained), mainly relates to
colistimethate, and bacterial resistance may emerge [18]. One
solution for the scarcity of therapeutic options is to actively search
for new strategies related to dosing, combining existing antibiotics,
and developing new molecules. There is some hope in this line, as
new molecules with antipseudomonal activity and new combi-
nations with β-lactamase inhibitors are being developed. The
clinical and microbiological impact of these new approaches
against XDR P. aeruginosa high-risk clones is currently unknown;
hence, clinical studies focusing on the treatment of these infections
are urgently needed [19]. Furthermore, development of resistance
to these new β-lactams has been recently reported [20].

Combination antibiotic therapy for XDR P. aeruginosa is
generating interest because of the potential severity of the
infection and the high risk of resistance selection with mono-
therapies. Several studies have examined in vitro interactions
between various antipseudomonal antibiotics (e.g. carbapenems,
colistin and polymyxin B, fosfomycin, aminoglycosides, and
quinolones), using a variety of methods such as synergy testing
using the microdilution checkerboard technique, gradient diffu-
sion (Etest), and time-kill curve assays [7]. Nonetheless, no clear
recommendations for clinical practice have emerged from these
studies, and consensus is lacking as to which antibiotic combi-
nations should be used against these complex infections to
improve the therapeutic response and reduce selection of resistant
mutants [21].

The primary aim of this study was to evaluate various
antipseudomonal antibiotics alone and in combination for the
three most prevalent XDR P. aeruginosa high-risk clones (ST175,
ST111 and ST235) and to validate the most effective combination
via checkerboard and time-kill curves in a collection of XDR
isolates containing 20 representative isolates from a multicentre
study.

2. Material and methods

2.1. Bacterial isolates

Twenty XDR P. aeruginosa clinical isolates were studied; they
had been recovered in a recent study (COLIMERO study) in which
150 XDR P. aeruginosa isolates from nine Spanish hospitals were
analysed using pulsed field gel electrophoresis (PFGE), multilocus
sequence typing (MLST), and whole-genome sequencing [15]. The
20 selected isolates were considered to provide a representative
profile of all the clones and resistance mechanisms detected in the
multicentre study.

2.2. Antibiotics

The antipseudomonal antibiotics used in the experiments
were amikacin, aztreonam, ceftazidime, meropenem, colistin
obtained from Sigma-Aldrich, and ceftolozane/tazobactam
obtained from MSD (Merck Sharp & Dohme). Antibiotic solutions
were prepared according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines, using their corresponding solvent and
dissolvent [22]. The doses stipulated for each antibiotic corre-
sponded to the high doses used in clinical practice for the
treatment of several infections. Antibiotic concentrations for
time-kill experiments were chosen based on the area under the
curve (AUC) serum levels: amikacin 1 g q24 h, AUC24196 mg*h/mL
[23,24]; aztreonam 2 g q8h, AUC241050 mg*h/mL [25]; ceftazi-
dime 2 g q8h, AUC24 800 mg*h/mL [26,27]; meropenem 2 g q8h,
AUC24 425 mg*h/mL [28]; colistin 4.5 MIU q12 h, AUC24 50 mg*h/
mL [29,30]; and ceftolozane/tazobactam 2/1 g q8h, AUC24 912/150
mg*h/mL [31]. Colistin and meropenem concentrations in time-
kill curves were validated by high performance liquid chroma-
tography.

2.3. Susceptibility studies and resistance mechanisms

The susceptibility profiles and the β-lactam resistance mecha-
nisms of the studied XDR isolates were obtained from a previous
Spanish multicentre study [15]. The isolates accounted for the
most prevalent and relevant resistance mechanisms, which
included chromosomal mutations (AmpC hyperproduction and
OprD inactivation) and horizontally acquired enzymes, including
several metallo-β-lactamases (MBLs).

Antimicrobial susceptibility was performed according to
the CLSI guidelines [22] for broth microdilution and agar
dilution methods utilising cation-adjusted Mueller-Hinton
broth (CAMHB).

2.4. Checkerboard experiments

Checkerboard studies were performed in 96-well microplates.
The antibiotic values to be tested should include broad values
ranging from 4–8 times the value of the expected MIC to at least 1/
8 to 1/16 of it; 50 mL of CAMHB was distributed into each well. The
first antibiotic solution was serially diluted and dispensed along
the ordinate. The second antibiotic solution was diluted and
dispensed along the abscissa. The bacteria inoculum equal to a 0.5
McFarland was prepared and 100 mL were distributed in each well.
Plates were incubated at 35 �C for 48 h [32]. The fractional
inhibitory concentration indices (FICIs) were calculated according
to the following formula: FICI = (ICA+B/ICA) + (ICA+B/ICB). The
interaction was considered synergistic when FICI was � 0.5,
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additive when FICI was > 0.5 to � 1, antagonistic when FICI was � 4,
and indifferent for intermediate values [33,34]. The experiments
were performed in triplicate. Fifteen checkerboards were per-
formed for each chosen strain. A representative strain of each of
the three most prevalent high-risk clones — ST175, ST111 and
ST235 — was evaluated.

2.5. Time-kill experiments

Time-kill studies were conducted with the six selected anti-
biotics alone and in combinations at clinically achievable drug
concentrations (when maximum indicated clinical doses were
used). Time-kill curves were performed with all the resulting
combinations of the checkerboards, in each of the three isolates
(ST175, ST111 and ST235). The most synergistic combination was
then validated in the entire collection of XDR P. aeruginosa isolates,
consisting of 20 isolates. All experiments were performed in
duplicate. Study flow is represented in Fig. 1.

An overnight culture of isolate was diluted with CAMHB and
further incubated at 35 �C to reach early log-phase growth. The
bacterial suspension was diluted with CAMHB, according to its
absorbanceat 630 nm;50 mLsterile conical flaskswere usedwith 30
mL CAMHB. The final concentration of the bacterial suspension in
each flask was approximately 7–8 log10 cfu/mL. Flasks were
incubated in a shaker water bath at 35 �C for 24 h. Samples were
collected from each flask at 0, 2, 4, 8,12, and 24 h. The extracted broth
samples (1 mL) were centrifuged twice at 5000 g for 5 min and then
Fig. 1. Study flow.
Forty-five checkerboard screens with six selected antibiotics and with the three
most prevalent Pseudomonas aeruginosa high-risk clones (ST175, ST111 and ST235)
were conducted to identify additive and synergistic combinations. To ultimately
identify ‘the best combination’, time-kill curves with the same clones were
performed using an average of nine combinations previously detected on
checkboard therapy. The combination selected was colistin plus meropenem,
and this combination was validated in the entire collection (20 isolates) of
extremely drug resistant bacteria.
FICI, fractional inhibitory concentration indice.
reconstituted with sterile saline solution to their original volumes to
minimise drug carryover. Ten-fold serial dilutions were performed
with CAMHB, 200 mL was plated on Muller Hinton E agar (MHE)
plates, and total bacterial count was quantified for each sample. The
inoculated plates were incubated in a humidified incubator (35 �C)
for 18–24 h,bacterial colonieswere visuallycounted, and the original
bacterial density from the original sample was calculated based on
the dilution factor. The limit of quantification (LOQ) was 400 CFU/mL
(equivalent to 20 colonies per plate).

2.6. Pharmacodynamic checkpoints

Bactericidal activity was defined as a � 3 log10 cfu/mL reduction
in colony count at 24 h. Synergy was defined as a � 2 log10 cfu/mL
reduction in colony count at 24 h, with the combination as
compared with the most active single drug. The combination was
established as indifferent when there was a � 2 log10 cfu/mL
change at 24 h. Antagonism was defined as � 1 log10 cfu/mL
regrowth, with the combination as compared with the least active
component [35].

3. Results

3.1. In vitro antimicrobial susceptibility testing and resistance
mechanisms

The susceptibility profiles and resistance mechanisms are
shown in the Table 1. The polymorphisms/mutations found in the
genes related to colistin resistance in the 20 isolates of XDR P.
aeruginosa are shown in the Table S1. All strains were resistant to
meropenem, but three of them were intermediate (MIC 8 mg/L)
according to CLSI definitions. ST111 (10-009) was resistant to
colistin (MIC 4 mg/L), likely due to a 4-bp deletion within parR. All
the other strains were susceptible (MIC � 2 mg/L), and although
amino acid polymorphisms within the main genes related with
polymyxin resistance were detected in several strains [15], their
effect, if any, would need to be specifically determined.

3.2. Checkerboard studies

In the checkerboard experiments, all selected combinations had
a FICI within the range of 0.5–1; that is, only combinations that
were synergistic (FICI � 0.5) or additive (FICI > 0.5 �1). The
combination colistin-meropenem was additive for the three most
prevalent high-risk clones – ST175, ST111 and ST235 – in these
experiments. These data are shown in the Table S2.

3.3. Time-kill studies

In the time-kill studies, growth in the untreated controls
reached 9–10 log10 cfu/mL by the 24 h time point for all
regimens. All isolates treated with single antibiotics (ceftazi-
dime, aztreonam, meropenem, colistin, amikacin, or ceftolo-
zane/tazobactam) did not show bactericidal effect after 24 h.
The time-kill curves indicated that two combinations were
synergistic in the three most prevalent high-risk isolates
(ST175, ST111 and ST235): amikacin plus ceftazidime, and
colistin plus meropenem, with the second being more effective
(Table 2). When the colistin-meropenem combination was
validated in time-kill studies including all 20 isolates, it was
synergistic in 80% (Table 3, Fig. 2). Colistin-meropenem was
not synergistic in four isolates, which surprisingly included
three isolates with low MICs for meropenem (8 mg/L) — ST395/
10-017, ST2534/06-025, and ST2535/06-027 — in which the
monotherapy regimens showed results similar to those of the
combination (Table 3, Fig. 2).



Table 1
Susceptibility profiles and resistance mechanisms of the 20 studied extremely drug resistant Pseudomonas aeruginosa isolates.

Isolate ST Beta -lactamases AmpC hyper-production OprD
deficiency

Polymyxin resistance
mechanisms

TOL/TZ MER CAZ AZT AMI COL

04–025 175 – Yes Yes 2//4 16 32 16 4 1
10–009 111 VIM-2 Yes Yes parR- nt621D4 <64/4 <32 <64 <128 32 4
06–042 235 VIM-47 No No <64/4 <32 64 32 64 2
12–012 175 VIM-20, OXA-2 No Yes <64/4 <32 16 8 16 2
12–003 244 – Yes Yes 4/4 32 64 32 8 2
07–004 235 GES-19, OXA-2 No Yes <64/4 <32 <64 128 128 2
04–017 111 OXA-46 Yes No 8/4 32 64 64 4 2
01–008 253 VIM-1 No Yes <64/4 <32 <64 4 8 2
10–023 175 – Yes Yes 2/4 16 32 16 4 2
07–016 175 GES-5 No Yes 16/4 >32 32 16 16 2
09–007 313 – Yes Yes 4/4 16 64 32 8 2
06-035 455 Yes No 4/4 >32 32 64 <2 0.5
06–014 179 OXA-10 Yes Yes 4/4 32 16 16 8 2
10-019 2221 Yes Yes 8/4 32 64 64 <2 2
10–021 2533 Yes Yes 8/4 32 64 64 <2 1
06–001 2536 Yes Yes 4/4 32 >64 64 8 2
09–011 274 Yes Yes 8/4 32 64 64 128 1
06–025 2534 Yes Yes 4/4 8 64 64 <2 2
06–027 2535 Yes No 4/4 8 64 32 8 2
10–017 395 Yes No 1/4 8 32 32 4 2

Minimal inhibitory concentrations (MICs) (mg/L) of the various antibiotics tested in this study: TOL/TZ, ceftolozane/tazobactam; MER, meropenem; CAZ, ceftazidime; AZT,
aztreonam; AMI, amikacin; COL, colistin.

Table 2
Time-kill experiments performed against the three most prevalent extremely drug resistant Pseudomonas aeruginosa high-risk clones. A summary of mean bacterial
concentrations (log10 CFU/mL) at 8, 12, and 24 h is shown for each strain and antibiotic treatment.

The standard deviation (SD) at 12 and 24 h, and change (D) in bacterial concentration in log10 CFU/mL at 24 h compared with the starting inoculum are shown. Bactericidal
effect and synergy (�3 log10 reduction in CFU/mL after 24 h and � 2 log10 reduction in CFU/mL at 24 h with the combination as compared with the most active single drug,
respectively) are highlighted in orange and yellow, respectively.
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Table 3
Time-kill experiments performed against 20 extremely drug resistant Pseudo-
monas aeruginosa strains. Summary of mean bacterial concentration (log10CFU/
mL) at 8, 12 and 24 h is shown for each strain and antibiotic treatment.

The standard deviation (SD) at 12 and 24 h, and the change (D) in bacterial
concentration in log10 CFU/mL at 24 h compared with the starting inoculum are
shown. Bactericidal effect and synergy (� 3 log10 reduction in CFU/mL after 24 h and
�2 log10 reduction in CFU/mL at 24 h with the combination as compared with the
most active single drug, respectively) are highlighted in orange and yellow,
respectively.
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4. Discussion

This study evaluated the activity of antipseudomonal anti-
biotics used in clinical practice, alone and in combination, against
representative XDR P. aeruginosa high-risk clones, with the aim of
identifying the most effective antimicrobial combinations. The
results open a new perspective in this line compared with the
findings in previous studies. The combination with the greatest
efficacy — colistin plus meropenem — showed a synergistic effect
against 80% of the 20 strains that were studied, including those
producing MBLs, one of which additionally showed colistin
resistance and, therefore, panresistance.

Colistin-meropenem was not synergistic in four isolates, which
surprisingly included three isolates with low MICs for meropenem.
In two of three of the MIC of 8 to meropenem isolates the lacks of
synergy appears to be due to the inability to improve markedly
over meropenem monotherapy or are the results only valid when
using drugs with beta lactams with compromised PK / PD that
would be considered resistant. For the fourth isolate, the
combination was not shown to be synergistic because of less
than the required level of activity compared with colistin alone.

In previous studies, polymyxin-carbapenem combinations have
been proposed for use in MDR Gram-negative infections to
enhance the therapeutic response and minimise potential
polymyxin resistance [7]. In the case of MDR P. aeruginosa,
previous in vitro studies have found that colistin plus doripenem
combination therapy is synergistic [7,8,18]. Other combinations
with reported synergy against MDR P. aeruginosa include colistin-
ceftazidime [36], colistin-rifampin [37,38], meropenem-levoflox-
acin [39], and colistin-imipenem [40]. The efficacy of the colistin-
meropenem combination against XDR P. aeruginosa high-risk
clones in the current study indicates that it may be a good option
for infections, due to these difficult-to-treat bacteria. Although
another synergistic combination – ceftazidime-amikacin – was
found; it was decided to use the colistin-meropenem combination
to test all 20 study isolates because the synergy values were better,
and because the synergy between betalactamics and aminoglyco-
sides has previously been studied more. As these infections often
occur in patients with multiple conditions, including a risk of renal
failure, the colistin-meropenem combination would be more
useful in clinical practice because of its theoretically higher
efficacy and lower risk of nephrotoxicity.

The mechanism of action of this combination is thought to be
based on the combined effect of the two molecules on bacterial
cells. Colistin acts against the lipopolysaccharide of the outer
bacterial membrane, causing local disturbance, permeability
changes, osmotic imbalance, and, usually, cell death [41].
Meropenem has to enter into the periplasmic space to the
acetylate penicillin-binding proteins (PBPs), and interferes with
the formation of peptidoglycan in the cell wall [42]. Mechanisti-
cally, colistin interferes with the outer membrane, changing its
permeability, which in turn allows meropenem to enter the
bacteria in higher amounts. Higher concentrations of meropenem
in the periplasmic space could reduce the effect of resistance
mechanisms, thereby rendering meropenem active against resis-
tant bacteria. The classical mechanism of action of this combina-
tion (based on the permeability effect of colistin) has recently been
complemented by new data from metabolomic studies in
multidrug-resistant Acinetobacter baumannii treated with colistin



Fig. 2. Time-kill experiments displaying the activity of colistin and meropenem alone and in combination against the remainder (17/20) extremely drug resistant
Pseudomonas aeruginosa strains. (A) Time-kill curve experiments for the 80% of the strains in which the combination showed a synergistic effect. (B) Time-kill curve
experiments for the strains in which there was no synergistic effect.

42 M.M. Montero et al. / Journal of Global Antimicrobial Resistance 18 (2019) 37–44
plus doripenem [43]. Polymyxins and doripenem both interfere
with key bacterial metabolic pathways in a time-dependent
manner. In the reported experiments, colistin led to prompt
inhibition of metabolic pathways (15 min–1 h), which was
followed by the metabolic effects of doripenem at 4 h. This could
explain the synergistic effect. Specifically, significant metabolic
changes via disorganisation of membrane lipids and depletion of
nucleotides, energy, and amino sugar metabolites were evident
following treatment with colistin alone, and clearly enhanced by
combining this drug with doripenem [43].

The phenomenon of bacterial regrowth shown in these single-
drug experiments could be either due to a loss of functionality of
these antibiotics or selection of resistant isolates. Presumably, the
latter could include selection of pre-existing resistant subpopu-
lations, de novo mutations, adaptive resistance, or formation of
persistent cells [44]. Further studies would be required in order to
evaluate these possibilities. It should be noted that bacterial
regrowth is much more common in P. aeruginosa than in other
Gram-negative bacteria when antimicrobial monotherapy is used.
In this sense, combination therapy would not only enhance the
antimicrobial effect, but also prevent the selection of resistant
isolates [8], as was shown in the current study with the colistin-
meropenem combination. Studies investigating resistance devel-
opment with colistin monotherapy compared with combination
therapy have shown suppression or delay of colistin resistance
when combination therapy is used [7]. This is a part of the apparent
success of combination therapy, and should be considered another
argument in favour of using combinations in multidrug-resistant P.
aeruginosa infection.

There are no clinical studies investigating colistin-meropenem
in XDR P. aeruginosa. In a recently published clinical trial, the
performance of the colistin-meropenem combination did not
differ from that of colistin monotherapy against carbapenem-
resistant Gram-negative bacteria. However, most of the infections
that were included were due to Acinetobacter baumannii and no
conclusions were obtained for MDR P. aeruginosa infections. [45]].
The current results indicate that clinical studies with MDR P.
aeruginosa infection could be warranted to evaluate the colistin-
meropenem combination.

This study had several limitations. Checkerboard studies were
used only as screening, since it is a model with a fixed time and
concentration and with low reproducibility[33,46]. Results provided
by time-kill assays are more precise and sensitive for identifying
possible synergies with combination regimens than checkerboard
studies. Nevertheless, due to the differences in methodology and
specific factors, it is hard to compare the different methods. Apart
from that, antibiotic combinations were studied using fixed
concentrations in time-kill studies. Since the interaction between
antibiotics isdynamic and concentration-dependent [42], the results
could vary if other concentrations were analysed. Furthermore,
considering the usual posology in clinical practice, samples were
obtained at different time points up to 12 h. Additionally, the curves
were lengthened to 24 h to verify bacterial eradication, although the
data obtained at that point cannot be considered relevant since they
are not representative of the clinical administration guidelines for
most antibiotics [33].

In summary, this study shows that the colistin-meropenem
combination is bactericidal and synergistic against representative
isolates of XDR P. aeruginosa. These results suggest that this
therapy could be a potential option in severe infections caused by
high-risk clones such as ST175, ST111, and ST235, including
carbapenemase-producing and even panresistant isolates. Thus,
this combination should be considered in future in vitro dynamic
bi-compartmental studies and in clinical practice.
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