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The spread of multidrug-resistant Acinetobacter baumannii (MDRAB) has led to the renaissance of colistin (COL), often the
only agent to which MDRAB remains susceptible. Effective therapy with COL is beset with problems due to unpredictable phar-
macokinetics, toxicity, and the rapid selection of resistance. Here, we describe a potent synergistic interaction when COL was
combined with fusidic acid (FD) against A. baumannii. Synergy in vitro was assessed against 11 MDRAB isolates using disc dif-
fusion, checkerboard methodology (fractional inhibitory concentration index [FICI] of < 0.5, susceptibility breakpoint index
[SBPI] of >2), and time-kill methodology (>2 log10 CFU/ml reduction). The ability of FD to limit the emergence of COL resis-
tance was assessed in the presence and absence of each drug alone and in combination. Synergy was demonstrated against all
strains, with an average FICI and SBPI of 0.064 and 78.85, respectively. In time-kill assays, COL-FD was synergistic and rapidly
bactericidal, including against COL-resistant strains. Fusidic acid prevented the emergence of COL resistance, which was readily
selected with COL alone. This is the first description of a novel COL-FD regimen for the treatment of MDRAB. The combination
was effective at low concentrations, which should be therapeutically achievable while limiting toxicity. Further studies are war-
ranted to determine the mechanism underlying the interaction and the suitability of COL-FD as an unorthodox therapy for the
treatment of multidrug-resistant Gram-negative infections.

Infections due to the Gram-negative bacterium Acinetobacter
baumannii are increasingly challenging to treat and control. The

organism has emerged worldwide as a major nosocomial patho-
gen in critical care units responsible for bloodstream, respiratory,
skin and soft tissue, and device-related infections (1). Clinical iso-
lates are often resistant to multiple antimicrobial drugs and be-
long to successful epidemiologically defined clones that, once es-
tablished, are extremely difficult to eradicate from the hospital
environment (2). As a result, outbreaks are common, typically last
for months, and may cost institutions in excess of $500,000 to
curtail (3). Treatment of infected individuals is equally hampered
by a seemingly endless capacity of the organism to acquire and
maintain large numbers of antimicrobial resistance genes (4).
Carbapenems, once considered the treatment of choice, are in-
creasingly found to be ineffective, leaving polymyxins (polymyxin
B and colistin [COL]) as the treatment of last resort (5).

Although polymyxins have been widely employed in the treat-
ment of A. baumannii infections, there are still concerns about
their efficacy and safety. These include the unreliable methods for
performing susceptibility testing, inadequate population pharma-
cokinetic data, uncertainties around appropriate dosing regi-
mens, and the availability of the licensed formulations of colistin
only as the inactive prodrug colistimethate sodium (6).

Despite this, polymyxins have frequently been shown to en-
hance the activity of other antimicrobial agents against resistant
Gram-negative pathogens in vitro. Synergy has been shown not
only with �-lactams, carbapenems, aminoglycosides, quinolones,
and tetracyclines but also with agents with little intrinsic Gram-
negative activity (macrolides, rifamycins, fosfomycin, glycopep-
tides, and oxazolidones) (7, 8). Given that any new drugs with
unique modes of action are unlikely to become available for clin-
ical use within the next decade, the use of unorthodox combina-
tions of existing agents may be a rational approach for the therapy
of resistant Gram-negative infections. Although a meta-analysis of

data from historical studies has not yet revealed a clear benefit for
polymyxin combination regimens, a number of prospective trials
have recently been initiated (9).

Here, we describe a highly active and potent combination of
COL and fusidic acid (FD) against multidrug-resistant A. bau-
mannii (MDRAB).

(Part of this work was presented at the 54th Interscience Con-
ference on Antimicrobial Agents and Chemotherapy, Washing-
ton, DC, 5 to 9 September 2014.)

MATERIALS AND METHODS
Bacterial isolates. Characteristics of all isolates used in this study are listed
in Table 1. Antimicrobial resistance determinants were identified by se-
quencing of PCR products obtained using a number of multiplex PCRs, as
described previously (10). Isolates were classified as multidrug-resistant
(MDR), extensively drug-resistant (XDR), or pandrug-resistant (PDR) A.
baumannii according to the classification of Magiorakos et al. (11). Mo-
lecular typing of all A. baumannii strains was performed by pulsed-field
gel electrophoresis (PFGE) and variable-number tandem-repeat (VNTR)
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analysis at the Antimicrobial Resistance and Healthcare Associated Infec-
tions Reference Unit (by J. Turton, Public Health England).

Antimicrobial susceptibility and synergy tests. Colistin sulfate
(COL; Sigma-Aldrich, St. Louis, MO) and fusidic acid (FD; Sigma-
Aldrich, St. Louis, MO) were dissolved in sterile distilled water to obtain
stock solutions of 50 mg/ml. The MICs of COL and FD were determined
by broth microtiter dilution (BMD) and by agar dilution (for COL) ac-
cording to the Clinical and Laboratory Standards Institute (CLSI) (12)
and the British Society for Antimicrobial Chemotherapy (BSAC) (13)
methodologies. Breakpoints used to interpret MICs were based on pub-
lished CLSI (14) and European Clinical Antimicrobial Susceptibility Test-
ing (EUCAST) (15) guidelines (Acinetobacter spp. for COL; Staphylococ-
cus spp. for FD).

A screening test for potential synergy between COL and FD was
performed using a disk diffusion assay. Bacterial suspensions of each
isolate were prepared in a phosphate-buffered saline (PBS) solution
adjusted to 0.5 McFarland standard. An even lawn was spread onto 2
Iso-Sensitest agar plates (ISA; Oxoid, Basingstoke, United Kingdom),
one supplemented with 0.5� the MIC of COL. After application of FD
10-�g discs (Oxoid, Basingstoke, United Kingdom), the plates were
incubated in air at 37°C for 18 h. Potential synergy was inferred when
the zone of inhibition around the FD disc was �5 mm on the COL-
supplemented plate (Fig. 1).

Synergy using the BMD method was assessed in checkerboard assays
(16) using Iso-Sensitest broth (ISB; Oxoid, Basingstoke, United King-
dom). The plates were set up with serial doubling dilutions of COL and FD
at concentrations ranging from 0.008 to 512 mg/liter. Following incuba-
tion, inhibition of growth in each well was confirmed by recording tur-
bidity and by the addition of 20 �l of alamarBlue (Invitrogen Corpora-
tion, San Diego, CA, USA) as a marker of bacterial viability. The fractional
inhibitory concentration indices (FICI) [which equals (MIC of A in com-
bination/MIC of A) � (MIC of B in combination/MIC of B)] were calcu-
lated using the wells with the lowest fractional inhibitory concentration
(FIC), and synergy was defined according to standard criteria (�0.5, syn-
ergy; �0.5 to �1, additive; �1 to �4, indifference; �4, antagonism). The
susceptible breakpoint index (SBPI; �2, useful synergy) [which equals
(susceptible breakpoint of A/MIC of A in combination) � (susceptible

breakpoint of B/MIC of B in combination)] was also calculated as a means
to assess the likely clinical relevance of any synergistic activity observed
(17, 18).

Time-kill studies. Six representative A. baumannii isolates were se-
lected for further assessment in time-kill assays to investigate the bacteri-
cidal activity of the combination. COL was used at a final concentration at
or below the clinical pharmacodynamic breakpoint (2 mg/liter), and FD
was added at 1 mg/liter or 0.5� the MIC (in the case of isolate AB 205).
These concentrations were chosen to reflect clinically achievable plasma
levels using standard dosing regimens. Each experiment was performed in
10 ml of ISB supplemented with COL and FD (alone and in combination)
as well as with an unsupplemented growth control. A starting inoculum of
106 CFU/ml was used in each broth and incubated aerobically at 37°C in a
shaking incubator at 224 rpm for 24 h. At 2, 4, 6, and 24 h time points,
100-�l aliquots were taken and serially diluted prior to plating onto ISA
with overnight incubation to obtain viable colony counts for each condi-
tion at the selected time points. A �2 log10 CFU/ml reduction in the
colony count in the COL-FD condition at 24 h compared to the most
active single agent was used to define synergy. Additionally, a �3 log10

CFU/ml reduction in the COL-FD colony count compared to the starting
inoculum denoted bactericidal activity with the combination (19).

Colistin heteroresistance was determined by population analysis pro-
filing (PAP). Briefly, 5 ml of ISB containing colistin sulfate (concentration
range, 0.5 to 512 mg/liter) and a drug-free control were inoculated with
106 CFU/ml of each isolate. Following incubation, 100-�l aliquots were
spread onto ISA to obtain colony counts. The interpretation of heterore-
sistance was made according to the criteria proposed by El-Halfawy et al.
(20).

Mutational resistance to colistin-fusidic acid. The potential for rapid
emergence of resistance to COL and FD in vitro was assessed by serial
passage in increasing concentrations of the drugs alone and in combina-
tion. These experiments were performed using 3 COL-susceptible (ATCC
19606, AB 14, AB 315) and one COL-resistant (AB 205) A. baumannii
strains, using previously published methods with some modifications (21,
22). Briefly, overnight cultures in ISB were diluted to obtain inocula of 105

CFU/ml and then used in COL-FD checkerboard assays. Following aero-
bic incubation at 37°C for 24 h with continuous shaking (160 rpm), the

TABLE 1 Characteristics of A. baumannii isolates studied, antimicrobial susceptibility testing, disc diffusion, and checkerboard synergy assay results

Isolate Characteristic(s)a

MICb (�g/ml) of:
FD-COL 0.5� MIC
zone diam
difference (mm)

FD-COL synergy

FD COL FICIc SBPIc

ATCC 19606 Antibiotic-susceptible type strain 128 0.25 16 0.006 155
AB 12 MDR PFGE-defined UK South East Clone; OXA-51 producer 64 1 16 0.1 43
AB 14 XDR PFGE-defined UK OXA-23 clone 1; OXA-51 and OXA-23

producer; IMP R
128 0.5 15 0.23 42

AB 16 XDR PFGE defined UK OXA-23 clone 2; OXA-51 and OXA-23
producer; IMP R

512 0.5 9.5 0.11 37

AB 184 MDR PFGE-defined UK “T strain”; OXA-51 producer 32 0.5 6.5 0.04 158
AB 186 MDR PFGE-defined UK “Burn strain”; OXA-51 producer 32 0.5 17 0.06 82
AB 205 PDR PFGE-defined UK OXA-23 clone 1; OXA-51 and OXA-23

producer; IMP R and TGC R
32 512 (R) 21.5 0.02 8

AB 210 XDR PFGE-defined UK OXA-23 clone 1; OXA-51 and OXA-23
producer; IMP R

64 0.5 18 0.04 101

AB 211 PDR PFGE defined UK OXA-23 clone 1; OXA-51 and OXA-23
producer; IMP R and TGC R

256 4 (R) 16 0.03 35

AB 219 PDR PFGE-defined UK OXA-23 clone 1; OXA-51 and OXA-23
producer; IMP R and TGC R

64 512 (R) 21.5 0.02 4

AB 315 XDR PFGE-defined UK OXA-23 clone 1; OXA-51 and OXA-23
producer; IMP R and TGC R

256 1 10 0.2 42

a PFGE, pulsed-field gel electrophoresis; IMP, imipenem; R, resistant; TGC, tigecycline; MDR, multidrug resistant; XDR, extensively drug resistant; PDR, pandrug resistant.
b COL, colistin; FD, fusidic acid. MIC results shown are averages from experiments done in triplicate. MICs have been rounded up to the higher 2-fold dilution when falling
between dilutions.
c FICI, fractional inhibitory concentration index; SBPI, susceptible breakpoint index. FICI and SBPI results shown are averages from experiments done in triplicate.
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MICs of COL and FD were recorded together with the well with the lowest
FIC for the combination. Aliquots from wells containing 0.5� the MIC of
the single agents and from wells with growth at 0.5� the MIC of the
COL-FD well with the lowest FIC were diluted 1:1,000 in ISB and used as
the inoculum in the next serial passage experiment for a total of 7 days.
The number of days required for either a 4-fold or 8-fold increase in the
MIC of COL and FD above baseline was used as a measure of the likeli-
hood that resistance would readily emerge.

RESULTS

Synergy was observed between COL and FD against all A. bau-
mannii isolates examined. In disc screening assays, the average
increase in zone diameter around FD discs was 15.7 mm (range,
6.5 to 21.5 mm) (Table 1; Fig. 1A and B). Of note, the largest
increases in zone diameters on COL-supplemented plates were
seen against PDR isolates with COL resistance (MIC, 4 to 512
mg/liter). Synergy was subsequently confirmed in checkerboard
assays for every strain, and the interaction appeared to be partic-
ularly strong, with an average FICI of 0.07 (range, 0.02 to 0.23)
recorded (Table 1). The potency of the combination was reflected

in very high SBPI values (mean, 66.5; range, 4 to 158) and the
potential to achieve efficacy against COL-resistant strains (MIC,
512 mg/liter; SBPI, 4). As no correlation was seen between zone
sizes observed in disc diffusion assays and FICI or SBPI values
derived from checkerboards, a cutoff value (mm) for predicting
likely synergy in a disc diffusion test could not be established.

Time-kill assays identified that the COL-FD combination was
rapidly bactericidal, again versus both COL-susceptible and COL-
resistant strains of MDRAB (Fig. 2). With the exception of AB 205
(a colistin-resistant isolate), all tested isolates exhibited heterore-
sistant properties (23), with regrowth at 24 h despite exposure to
COL at concentrations in excess of the MIC (2 to 4� the MIC) in
time-kill studies. This was confirmed by PAP analysis for ATCC
19606, AB 12, AB 14, and AB 16. This phenomenon was abolished
when FD was added in combination. Resistance to either COL or
FD was easily selected when A. baumannii was exposed to increas-
ing concentrations of either drug alone, with 4-fold to 8-fold in-
creases in COL and FD MICs reached after just 1 to 4 days of
passage (Tables 2 and 3). In contrast, there was little increase in the

FIG 1 (A and B) Disc diffusion synergy screen for isolate AB 205. (A) FD 10-�g disc applied onto an unsupplemented ISA plate. (B) Same assay performed on
an ISA plate supplemented with 0.5� the MIC of COL. (C) COL-FD checkerboard for isolate AB 315.
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MIC above baseline after 7 days of serial passage in the presence of
both drugs compared with the single-agent selection pressure.
Prevention of mutational resistance was particularly marked in
those isolates with a COL-heteroresistant phenotype.

DISCUSSION

A. baumannii is a member of the ESKAPE (Enterobacter, Staphy-
lococcus aureus, Klebsiella, A. baumannii, Pseudomonas, Enterococ-
cus) group of bacterial pathogens for which there is an urgent need
to find new or repurpose existing treatments (24). Finding inno-
vative ways to tackle Gram-negative members of this group is a
priority, given the current trajectory and predicted importance of

these infections over the next decade (25). Many strains of A.
baumannii are already XDR, with polymyxins often the only drug
with any useful activity demonstrated in vitro. Clinical experience
with polymyxin monotherapy in the treatment of MDRAB and
other ESKAPE organisms has been mixed, with the rapid emer-
gence of resistance (26) and frequent reports of clinical failures.
While there remains uncertainty over the optimal treatment of
MDR, XDR, and PDR infections, clinicians frequently resort to
the use of antibiotics in combination.

There are numerous data supporting enhanced antimicrobial
activity when polymyxins are added to other antimicrobial agents
in vitro. A recent meta-analysis concluded that, versus A. bauman-

FIG 2 Time-kill assays conducted with COL and FD versus 5 A. baumannii isolates. Strains (concentrations of COL) used were as follows: ATCC 19606 (0.5
�g/ml), AB 12 (2 �g/ml), AB 14 (2 �g/ml), AB 16 (2 �g/ml), AB 205 (2 �g/ml), and AB 315 (2 �g/ml). Strains (concentrations of FD) used were as follows: ATCC
19606 (1 �g/ml), AB 12 (1 �g/ml), AB 14 (1 �g/ml), AB 16 (1 �g/ml), AB 205 (8 �g/ml), and AB 315 (1 �g/ml).

TABLE 2 Effects of exposure to COL and FD alone and in combination on susceptibility (MIC) of A. baumannii in serial passage experiments

Day Passage condition

MIC (mg/liter) of:

ATCC 19606 AB 14 AB 205 AB 315

COL FD COL FD COL FD COL FD

0 Unexposed 0.25 256 0.25 128 512 64 1 128
7 Single-agent pressure 4 2,048 2,048 2,048 2,048 8,192 1,024 �16,384

Combined selection pressure 0.5 512 4 256 512 2,048 1 128
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nii, this activity was most pronounced when polymyxins were
partnered with a carbapenem, rifampin, or glycopeptides (7).
Here, we identified COL and FD as another unorthodox combi-
nation with potent activity against MDRAB. We consistently ob-
served synergy against strains with MDR, XDR, and PDR charac-
teristics belonging to important epidemic MDRAB clones using a
range of assays (agar, microtiter dilution, time-kill). Using static
methods, synergy could be readily shown in a simple disc diffusion
assay, and FIC indices denoting the strength of the interaction
were noted to be particularly low. The combination also pro-
moted sustained bacterial killing when assessed using a time-kill
methodology. Due to the degree of heterogeneity in methodology
and the interpretation of in vitro synergy studies, there is still de-
bate about the relevance of these data to clinical practice (27). This
applies also to our findings, although it should be noted that, when
using SBPI as a marker for useful synergy, values many magni-
tudes above the theoretical pharmacodynamic breakpoint were
observed.

The mechanism of synergy between COL and FD remains to be
determined. In Gram-positive bacteria, FD acts to inhibit protein
synthesis, binding to elongation factor G (EF-G) and locking it to
the ribosome (28). Resistance may arise due to point mutations in
the gene encoding EF-G (fusA) and/or by acquisition and expres-
sion of genes (fusB-fusF) encoding proteins able to act as alterna-
tive substrates (29). Gram-negative bacteria are considered to be
intrinsically resistant due to impermeability (30). Polymyxins act
via an electrostatic interaction with lipopolysaccharide (LPS), dis-
rupting the integrity of the Gram-negative outer membrane and
promoting cell lysis. This may increase permeability to com-
pounds that are usually excluded and is hypothesized to be the
mechanism behind the synergy observed with glycopeptides and
other hydrophobic antimicrobials (31). An inverse relationship
between resistance to polymyxins and susceptibility to other anti-
microbials has been reported (32). Among the COL-resistant
strains studied here, slightly lower MICs were observed for FD (16
to 256 mg/liter). Although overcoming permeability may be im-
portant for the activity of FD against A. baumannii, it is notable
that the combination retained, and even had enhanced, activity
against all the COL-resistant strains. Acquired resistance to COL is
a complex adaptive response involving multiple regulatory path-
ways leading to modifications, loss/alteration of LPS, and changes
to the net charge on the outer membrane (33). High-level resis-
tance in clinical isolates is rare, often unstable, and accompanied
by fitness costs (34), while heteroresistance is frequently observed
and easily maintained with ongoing selective pressure (26).

The potential for FD to limit the emergence of COL resistance
when used in combination was therefore investigated by us. In

time-kill studies, FD prevented the regrowth of COL-heteroresis-
tant strains and, in serial passage experiments, limited the emer-
gence of COL-resistant mutants. This suggests that a COL-FD
combination might limit the emergence of resistance during ther-
apy and be an effective treatment. As the EF-G target is essential
and highly conserved among bacterial species (see Fig. S1 in the
supplemental material), FD-containing combination treatments
might also be useful in combating infections with other resistant
Gram-negative pathogens.

Clinical outcome data on combination therapies for XDR and
PDR A. baumannii strains are sparse and often conflicting. A re-
cent retrospective review of MDR Gram-negative infections
treated with COL in combination with glycopeptides found that
this combination improved survival (35), while another linked it
with only an increased risk of renal impairment (36). Fusidic acid
is licensed in the United Kingdom and Europe, where it is avail-
able as an oral preparation, sodium fusidate. It is widely used as an
adjunctive agent in the treatment of Staphylococcal infections of
the skin and soft tissue, bone and joint, and bloodstream (includ-
ing for infective endocarditis) and against methicillin-resistant
Staphylococcus aureus pneumonia. In the United States, an FD
preparation, CEM-102 (Taksta; Cempra Pharmaceuticals), has
undergone phase II trials for the treatment of Staphylococcal skin
and soft tissue and prosthetic joint infections. The development of
a unique loading-dose regimen has passed a number of regulatory
and financial hurdles, and CEM-102 may be available as a licensed
product in the near future (37).

There may be a number of other advantages, in addition to the
antimicrobial effects we have shown in vitro, in partnering FD
with polymyxins for the treatment of MDRAB. The drug has ex-
cellent bioavailability and widespread tissue penetration into skin,
bone, and the respiratory tract. Unlike polymyxins, it is metabo-
lized in the liver and excreted in the bile (38), potentially reducing
the risk of nephrotoxicity with coadministration. Although FD is
highly protein bound, the free concentrations of both FD and
COL required for synergy appear to be very low and, therefore, are
likely achievable at sites of infection. Adequate penetration into
respiratory tissue and epithelial lining fluid gives the possibility of
combining it with aerosolized COL for the treatment of ventila-
tor-associated pneumonia. FD has also been reported to have
some immunomodulatory effects in terms of cytokine and inter-
leukin production, which may be advantageous in critically ill or
septic patients (39).

The need to administer multiple antimicrobial agents is well
recognized in a number of chronic infectious diseases (mycobac-
terial diseases, bacterial endocarditis, HIV, hepatitis) but less so
with acute bacterial infections. Dual therapy has not often been

TABLE 3 Effects of exposure to COL and FD alone and in combination on preventing the emergence of resistance (time to MIC increase) of A.
baumannii in serial passage experiments

Increase in MIC Passage condition

Time to MIC increase (days)

ATCC 19606 AB 14 AB 205 AB 315

COL FD COL FD COL FD COL FD

�4� Single-agent pressure 3 4 2 5 4 2 1 2
Combined selection pressure NRa NR 7 NR NR 6 NR NR

�8� Single-agent pressure 4 7 3 7 NR 2 1 4
Combined selection pressure NR NR 7 NR NR 7 NR NR

a NR, not reached by the final day (day 7) of experiment.
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shown to be superior to monotherapy when given empirically for
the treatment of Gram-negative sepsis (9). However, in the setting
of MDR, XDR, and PDR infections where the organism is already
known, combinations as a targeted definitive therapy may be
more appropriate. A fuller understanding of the properties and
efficacy of FD combinations in dynamic (hollow fiber) and animal
models, along with more clinical data, is needed before this ap-
proach can be recommended. However, FD is another example of
an old antimicrobial that may be fit for repurposing and develop-
ment as an adjunctive agent for use in the treatment of MDR
Gram-negative infections.
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